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 Green chemistry is defined as the “design of chemical products and processes that reduce or 
eliminate the use or generation of hazardous substances” and is based on 12 concepts. Understanding 
these 12 cores values, synthetic chemists are pulling inspiration from natural processes such as inspiration 
from copper-dependent metalloenzymes for synthetic methodologies. Since the early 90’s, chemist have 
studied the reactivity of biomimetic copper monooxygenase systems to understand the natural enzymatic 
processes and from understanding these modeled systems, develop better synthetic strategies. The copper 
dependent metalloenzymes that inspire these chemists are Peptidylglycine α-hydroxylating 
monooxygenase (PHM), dopamine β-monooxygenase (DβM), Lytic polysaccharide monooxygenase 
(LPMO), and Particulate methane monooxygenase (pMMO). 
 Each of these copper-dependent enzymes have specific Cu/O2 intermediate species responsible 
for their overall transformation of their organic products. However, pMMO’s active center is still under 
debate; mononuclear active center vs. dinuclear active center. In order to understand the active center, 
efforts have been made in small molecule synthesis in order to debunk the active species. From using 
these small molecules chemists apply their knowledge to active centers of the enzymes and characterize 
the species but also manipulate the species for organic transformation. Pulling inspiration from this 
methodology, an interchangeable oxidation methodology is used within this dissertation that allows us to 
interchange conditions in order to understand the reactivity of the copper compounds.  
vi 
 
 From 2003 to 2015, Schӧnecker and Baran proposed a dinuclear Cu/O2 species in their 
mechanistic proposal for the hydroxylation of sp3 C-H bonds within their steroid and camphor systems. The 
intermediate species was proposed solely based on yields. Since there was not a thorough investigation of 
the reaction mechanism, a re-investigation into the mechanism was performed and a new mechanism was 
proposed based off the thorough investigation. From the evidence provided, the new mechanism is A) LCuI 
is oxidized to LCuII with O2 to form B) LCuII-superoxide that through solvent oxidation forms C) LCuII-OOH 
which undergoes D) homolytic O-O cleavage where the hydroxyl radical undergoes H abstraction of the 
Coxid and radical rebound to form E) L(OH)CuII. From understanding the reaction mechanism, the overall 
oxidation conditions were improved to using CuII(NO3)2•3H2O and H2O2 (more practical, cheaper method).  
 Since the scope of the reaction was limited to sp3 C-H bonds, efforts were turned towards oxidation 
of sp2 C-H bonds and expansion of sp3 C-H bonds. Simple imines were formed and a thorough investigation 
of the mechanism with Cu and H2O2 was carried out. For sp2 C-H bonds, the reaction mechanism varies 
from the sp3 C-H bond mechanism. Evidence for a LCuII-OOH species is provided, however, the systems 
undergo heterolytic O-O bond cleavage with an electrophilic attack of the ring with concerted C-O bond 
formation. From understanding this mechanism, reaction conditions were improved to using 
CuII(NO3)2•3H2O, Me4NOH•5H2O, and H2O2. 
 Within the optimization reactions of the sp2 conditions, a side product formation was observed. This 
side product was isolated and characterized as a 2H-1,3-benzoxazine-derivatives. Conditions were 
optimized and each of the sp2 substrate-ligands were cyclized within a one pot reaction. From there, the 
mechanism was investigated, and catalytic conditions were achieved. The proposed catalytic cycle is when 
NEt3 is introduced to PL-CuII complex, the NEt3 deprotonate the complex to form a 2-azaallyl anion 
intermediate that undergoes a 1e- oxidation to form the 2-azaallyl radical intermediate that reduces the PL-
CuII to PL-CuI with simultaneous radical rebound to form the overall cyclized product. The cyclized product 
is oxidized back to CuII which de-coordinates and starts the catalytic process again.  
 Due to the thorough mechanistic investigations and optimized reaction conditions for sp3 C-H bond 
hydroxylation, total synthesis chemists have been using the oxidation protocols within their total synthesis 
reactions for hard to access C-H bond hydroxylation.  
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1.1 Biological Role of Copper 
 Located on the periodic table of elements as element number 29, copper (Cu) is one of the first-
row transition metals that can be dated as far back as the Bronze Age.1 This element in its raw state can 
be found as reddish-gold and aside from the element gold, it is the only other metal that doesn’t appear 
naturally gray or silver. When copper is oxidized, it can change from the reddish-gold color to green when 
it’s exposed to water or air (hence, the iconic Lady Liberty). These color transformations are indicative of 
reaction intermediate species formed in experimental conditions. Today copper is primarily synthesized 
from the ores of cuprite (CuO2), tenorite (CuO), malachite (CuO3Cu(OH)2), chalcocite (Cu2S), covellite 
(CuS), and bornite (Cu6FeS4).2  
 Current research involving copper ranges from medicinal, electrical, to even agricultural 
applications.3 This transition metal ranks as the third most consumed industrial metal in the world after 
iron and aluminum according to the U.S. Geological Survey. One remarkable characteristic of copper is 
ability of being a robust catalyst. It can switch between the oxidation states (+2, +1) while maintaining its 
stability, however it can reach up to oxidation state +4 and go as far down as 0.  
 Copper is an essential metal in biology in that it plays in a variety of roles in natural processes such 
as electron transfers, O2 binding, activation, reduction, and substrate activation. Within prokaryotic 
organisms, some enzymes that use Cu are cytochrome c oxidase, NADH dehydrogenase 2, and 




with Cu, but it is still unclear how this ion is imported into the bacterial cells.4 Within the eukaryotic 
systems, copper plays a major role in fungi (Saccharomyces cerevisiae), mammals (daily biological 
functions and not limited to producing human diseases such as Wilson’s disease),5 and plants 
(Arabidopsis thaliana). 4 
 In addition to copper’s function in biology, Cu is extensively used for industrial purposes. It can be 
found in the foundation of construction buildings, power generation and transmission, electronic 
production and in vehicles.6 When copper is made into alloys, this system becomes invaluable in that it  
broadens the characteristics and applications (for example: combined with zinc to form brass for musical 
instruments, tin to form bronze, or nickel to help the hulls of ships). Due to coppers usage in a vast number 
of applications, chemist have found ways to use, manipulate, and understand copper in more green 
synthetic industrial ways (using copper in Green Chemistry practices.) 
1.2 O2 Reduction 
 Oxygen is a widely used and common oxidizing agent in Nature and in industrial/green chemistry. 
Oxygen can be reduced to water through its 4 electron/4 proton reduction pathway, Figure 1.1 A. It’s a 
colorless, odorless gas that makes up 21% of the atmosphere by volume.7 When O2 is introduced to metal 
complexes (i.e., Fe, Cu), it will bind to the metal center and undergo monooxygenase, dioxygenase, or 
oxidase chemistry on organic substrates, for example the biosynthesis of alcohols, catechols, or quinones. 
However, the reactivity of O2 is kinetically unfavorable despite being thermodynamically favored. This 
unfavourability is due to the electronic structure of O2 by having twelve valence electrons (six per oxygen) 
that form 3 triple ground states (S = 1), which leads to a spin forbidden reaction with a variety of organic 
molecules (S = 0).8  To overcome this, systems are required to generate reactive intermediate species such 
as superoxide (O2-, S = ½), or peroxide (O22-, S = 0). However, the first H+/e- reduction pathway is not 
energetically favored (O2 to HO2•-; E = -0.16 V), but natural catalysts are able to reduce O2 to reactive 
species.9, 10 These highly reactive intermediate species can be seen in conjunction with metal active centers 







Figure 1.1. A) O2 reduction pathway and energy diagram. B) Molecular orbital diagram of reactive O2 
species. 
 
1.3 Copper Monooxygenase-like Reactivity  
 Green chemistry is defined as the “design of chemical products and processes that reduce or 
eliminate the use or generation of hazardous substances” and is based on 12 basic concepts:11  
1. Waste Prevention 
2. Maximize Atom Economy 
3. Design of Chemical Synthesis 
4. Design of Safer Chemicals and Products 
5. Usage of Safer Solvents and Reaction Conditions 
6. Increase in Energy Efficiency  
7. Usage of Renewable Feedstocks 
8. Avoidance of Chemical Derivatives 
9. Non-Stoichiometric Reagents 
10. Economical Degradation 
11. Pollution Prevention 
12. Accident Prevention 
With these 12 core values of green chemistry, inspiration from copper-dependent metalloenzymes were 
developed. As early as the 90’s, scientists have studied the reactivity of biomimetic copper monooxygenase 
systems in order to understand the natural enzymatic processes and from understanding the model 
systems, development of better synthetic strategies. These copper-dependent monooxygenase enzymes 
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include, but are not limited to, peptidylglycine α-hydroxylating monooxygenase (PHM), dopamine β-
monooxygenase (DβM), lytic polysaccharide monooxygenase (LPMO), and particulate methane 
monooxygenase (pMMO). 
1.3.1 PHM and DβM 
 Peptidylglycine-α-hydroxylating monooxygenase (PHM) and dopamine-β-monooxygenase (DβM) 
are a class of proteins that are found within eukaryotes. Dating as far back as the 1990s, the active center 
of these enzymes have been meticulously studied in order to understand the reaction pathway to transform 
the c-terminal glycine residue and dopamine into their respective products.12 The active centers are quite 
similar in that they consists of two copper ions: one copper ion bound to two histidine residues and one 
methionine (CuM) and the other bound to three histidine residues (CuH). The distance between these two 
uncoupled copper ions is about 11 Å apart, close enough to each other to where they still can transfer 
electrons (through solution) to transform their organic substrate to into its corresponding alcohol, Figure 
1.2 A. The mechanistic process is described as, within the active center, the substrate enters and binds to 
the pocket of the enzyme which triggers oxygen binding to the CuM site of the active center to form 
copper(II)-superoxide which can undergo several different pathways: Pathway 1) the substrate and 
copper(II)-superoxide are involved in a hydrogen atom transfer, Pathway 2) the copper(II)-superoxide is 
protonated to form copper(II)-hydroperoxide which can undergo O-O bond cleavage to form -OH and have 
an oxygen atom transfer or form •OH which can abstract a hydrogen from the substrate with an immediate 
rebound of C• to form the product (FIGURE 1.2 C).  
1.3.2 LPMO 
 Lytic polysaccharide monooxygenase (LPMO) is one of the most recent discoveries in the copper 
metalloenzyme family. The active center consists of one copper ion bound by a histidine and a histidine-
amine brace which degrades polysaccharides by oxidative cleavage of the glycosidic bond in cellulose, 
chitin, and starch, Figure 1.2 D and E. There has been debate on the active species responsible for 
glycolysis such as Cu-superoxide, however theoretical studies have shown that a copper-oxyl [CuO]+ or 
copper-hydroxy [CuOH]2+ are robust species for this chemistry13 and as for the oxidant, H2O2 is utilized 
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rather than O2. Mechanistic studies have been difficult due to the fact that a number of different LPMO’s 
have been categorized and due to the varying amino acid sequences, the enzymes are sometimes 
insoluble, and they target a wide range of different polysaccharide substrates (regioselectivity of oxidation 
also varies on substrates; C1 vs C4 position).13 The reaction pathway can be described as the copper(II) 
active center is reduced to the copper(I) state which displaces a water molecule with concomitant substrate 
binding. When O2 is introduced, the formation of copper-oxyl [CuO]+ or copper-hydroxy [CuOH]2+ is 
proposed to abstract a hydrogen atom from the saccharide. However, H2O2 is proposed as being the more 
favorable and highly reactive oxidant for these systems. The system then proceeds to radical recombination 
of the saccharide and Cu ligand, Figure 1.2 F.  
1.3.3 pMMO 
 The particulate methane monooxygenase (pMMO) enzyme is a current enzyme of interest due to 
its debatable active center, however, its active center is comparable to that of LPMO. The active center 
consists of copper, two histidine and a histidine-amine residue that upon coordination of methane, 
transforms methane into methanol. The amount of copper is under debate still, however a recently it has 
been declared that a single copper ion is responsible for the reaction, Figure 1.2 G.14-18 But, since little is 
known about the active center, efforts have been made to develop systems that could potentially elucidate 
the proposed intermediates, Figure 1.2 I. 
1.3.4 Tyrosinase  
 Tyrosinase is a binuclear copper enzyme that is responsible for aromatic hydroxylation to form 
catechols and quinones, the quinone formed is a precursor to the synthesis of melanin Figure 1.2 K.19 It is 
reported that the active center has two copper ions that are each coordinated to three histidine each, Figure 
1.2 J, and upon introduction of oxygen form a side-on dicopper(II) peroxide complex, Figure 1.2 L.20-22 This 
intermediate is proposed to bind to phenolate substrates before electrophilic C-H hydroxylation. Current 
mechanistic proposals suggest that the phenol substrates are deprotonated before coordinating to the 
dicopper(II) side-on peroxide intermediate. There is debate on if the coordination of the phenolate triggers 
O-O bond cleavage before substrate hydroxylation or if the dicopper(II)-peroxide core is capable of 
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performing the electrophilic oxidations of the phenyl ring. Fujieda, Itoh, and coworkers recently studied the 
change within the active site of tyrosinase when the phenol substrate binds to the CuII2(O22-) center. X-ray 
diffraction analysis and spectroscopic characterization support the deprotonation of the phenol (by the 








Figure 1.2: Cu-dependent metalloenzymes found in nature with their respective proposed reaction 




1.4 Synthetic Cu/O2 Complexes 
 Copper complexes when reacted with O2 may form several different reactive intermediates shown 
in Figure 1.3. These intermediates are not limited to copper-dependent metalloenzymes but are also seen 
and used in copper catalyzed/stoichiometric oxidation reactions.24, 25  For instance, when CuI is reacted with 
O2, it will generate a CuII-superoxide (CuSE) and/or CuIII-peroxide intermediate. Through reduction and 
protonation of the intermediate, a mononuclear CuII-hydroperoxide (CuPH) will form. The CuII-hydroperoxide 
intermediate may also form by reacting CuII and H2O2 in the presence of a base or by reacting CuI with 
H2O2. However, when the systems are easily trapped by another ligand-Cu in solution, the adducts will 
become bridged peroxide dicopperII complexes (e.g., end-on or side-on binding modes). From there, the 
bridge systems can be converted into the bis(µ-oxido)dicopperIII intermediates from extra electron sources 
and even further into their mixed valent trinuclear species. In many of these Cu/O2 cores, the supporting 
ligand (directing group) plays a major role in the stabilization of the intermediate. These various 
intermediates can be stabilized with rational ligand design and each of these systems show different 
characteristic spectroscopically, see Table 1.1 for examples of characterization by UV-vis and Rraman.25-
31 These characterized modeled complexes have never used in synthetically useful organic transformations 






Figure 1.3: Various mononuclear and dinuclear Cu/O2 cores characterized within biomimetic copper 
oxidations. 
 
Table 1.1. UV-vis and Rraman characterization of some of the Cu/O2 intermediates potentially seen 




1.5 Modeling Cu-Monooxygenase Enzymes for sp3 C-H Bond Hydroxylation 
 In 2003, Schӧnecker and coworkers developed an intramolecular ɣ-sp3 C-H bond methodology 
based on simple imine-pyridine systems and inspiration from copper monooxygenase systems, Figure 1.4. 
From understanding the yields from using Cu and O2 (yield below 50%), the species proposed for the overall 
organic transformation was a L2Cu2O2 species (a 2 e- donor).32, 33, 34 Due to the poor yielding reaction 
despite its methodology being used in steroid synthesis, Phil Baran and co-workers decided to optimize the 
reaction through modification of the conditions from the proposed dinuclear active species. From 
modification of the reaction conditions, they simply added reductant (excess ascorbate) to overcome the 
50% threshold.35 The 1 e- reductant is proposed to reduce the non-hydroxylated LCuII system to a LCuI to 
generate the dinuclear copper species proposed by Schӧnecker. However, Baran provided no new 




Figure 1.4. ɣ-sp3 C-H bond methodology proposed by Schӧnecker and Baran. 
 
 Inspired from the site selectivity of this methodology and poor analysis of the mechanism, this 
dissertation was inspired to re-examine the sp3 C-H bond hydroxylation by Schrӧnecker and Baran and 
perform an intensive experimentation to understand how Cu/O2 interact which led us to propose a new 
mechanism based on the evidence collected (i.e., LCuII-hydroperoxide species that undergoes homolytic 
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O-O bond cleavage) (Chapter 2). From there the scope of the substates is expanded to studying the 
reaction by which Cu and O2 oxidize sp2 C-H bonds followed by an extensive mechanistic investigation into 
the intermediate (LCuII-hydroperoxide species that undergoes heterolytic O-O bond cleavage) as well as 
expansion of the sp3 substrates (Chapter 3).  While investigating the sp2 mechanism we discovered a side 
product formation while optimizing the conditions (conditions: CuII, H2O2, and base). This side product 
formation was characterized as a 2H-1,3-benzoxazine-derivative.  Reaction conditions were optimized, and 
the mechanism was investigated for the intermediate species responsible for this transformation (Chapter 
4). Due to the interchangeable methodology to form our ligands as well as interchanging the Cu source and 
oxidant, Chapter 5 builds on constructing a roadmap by using 2-picolylamine DG derivatives as well as 









 Nature has mastered the inertness of functionalizing C-H bonds by selective oxygenation of organic 
compounds. The most noteworthy metalloenzymes use iron or copper within the active center.27, 36 These 
proteins couple the oxidation of C-H bonds with the reduction of oxygen under physiological conditions. 
Over the past decade, chemists have explored using first-row transition metals for the oxidation of C-H and 
C=C bonds using O2 or H2O2 as the oxidant. Iron has mastered alkane hydroxylation, alkene epoxidation, 
and cis-dihydroxylation by rational ligand design37-39, however, the use of copper within the metal center for 
C-H and C=C oxidations is limited. In 2013, Perez et. al., used trispyrazolylborate systems for the 
development of direct alkane oxidation of methane or benzene into methanol and phenol, respectively. It 
was proposed that a metal-oxo species (M=O) was responsible for the overall oxidation of the organic 
compounds and that there was no evidence of Fenton chemistry due to the formation of products.40 Lumb 
and Huang reported the coupling of ortho-quinones and phenols to form aryl ethers using ambient 
temperature and oxygen with catalytic CuIBr.41 Lumb and Ottenwaelder et. al., used various copper sources 
to show the robustness of copper towards the reactivity of ortho-oxygenation of phenols.42 Aside from 
reactivity with coupling phenols, Cundari and Warren, et. al., were able to show that a diketiminato-CuI 
catalyst generates a CuII-alkoxide upon reaction with di-tertbutyl peroxide and simple alkyl43 and aromatic44 
amines, but also characterized mechanistic insight into forming •tBu under mild conditions.45 Pyridinic 
tetradentate CuI complexes have been shown to catalyze the oxidation of alkanes with strong C-H bond 
under Fenton-like chemistry using H2O2 as oxidant.46 From 2003 to 2005, Schӧnecker and co-workers 
reported the copper-mediated C-H oxidation of the C17 position on steroid substrates with modest 
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yields, up to 50%.32-34 This milestone development sparked the Baran group to investigate the natural 
product synthesis and improve the reaction conditions to using ascorbic acid, shorter reaction times, and 
ultimately higher yields.35 In the previous reports, the authors disclosed that the oxidation of the imino-
pyridine systems proceeded via a formation of Cu2O2 species which limited the overall reaction yield to 50% 
and within Baran’s group were able to overcome the threshold by using the reductant which provided extra 
electrons for the 2 e- process. 
 Herein, we discovered and optimized the investigation of the mechanism by which Cu and O2 (or 
H2O2) oxidizes C-H bonds in the previously explored sp3 imino-pyridine systems, Figure 2.1. The various 
copper complexes were isolated and characterized independently and used in combination with various 
oxidative conditions. In depth analysis of the data obtained pointed towards a mechanism that is different 
from the previously proposed mechanism by Schӧnecker and Baran. Spectroscopic characterization of the 
reaction intermediates, kinetic analysis, and other experimental observations allowed us to propose a 
mononuclear Cu/O2 intermediate that is similarly proposed in Cu-dependent metalloenzymes such as PHM 
and LPMO. The oxidative conditions were reexamined by Phil Baran’s research lab and reoptimized to 




Figure 2.1: Substrates and directing groups re-explored in this study. 
 
2.2 Results and Discussion  
2.2.1 Previously Proposed Mechanism  
 From 2003 to 2015, Schonecker and Baran proposed that intermediate species responsible for the 
oxidation of their steroidal systems was due to a dinuclear-copper adduct based on yields they were 
experiencing. They proposed that once their CuI-complex was introduced to O2 a dinuclear Cu2O2 species 
formed which is proposed as the active intermediate species responsible for the sp3 ɣ C-H bond 




Figure 2.2: Previously proposed dinuclear copper intermediate species for the oxidation of 
polyoxypregnanes by Phil Baran and Schӧnecker.  
 
However, this proposed mechanism based off yields was not thoroughly invested until now. Based on new 
experimental details and mechanistic understanding, a new mononuclear species is proposed for the 
overall oxidation of the polyoxypregnanes, Figure 2.3. When the copper(I) complex was reacted with 
oxygen, it forms a copper(II)superoxide. To form H2O2 in solution, the superoxide is released into the 
solution for solvent oxidation and the resulting H2O2 binds to the CuII center to form a 
copper(II)hydroperoxide. The copper(II)hydroperoxide intermediate undergoes homolytic bond cleavage to 
form a hydroxyl radical which abstracts a hydrogen from the carbon that is within the same plane as the N-





Figure 2.3: Current proposed mechanism for the oxidation of sp3 C-H bonds. 
  
 The following sections break down each step of the reaction mechanism. We were able to isolate 
and characterize the ligand-CuI complexes (species A) by using X-ray crystallography, 1H-NMR, UV-vis, 
ESI-MS, and elemental analysis. From isolating the CuI complexes, the geometry of the systems was found 
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(the N-Cu-N backbones were reported in the same plane, T-shaped) as well as the distance between the 
Cu ion and the carbon that will undergo oxidation (Coxid.) (3.13 Å for the S1-CuI complex). Species B was 
metastable, however a visual color change to green signals that the CuI species was oxidized to the 
copper(II) species. When species A was reacted with oxygen, substantial increase in yields was observed 
when temperature was increased, showing that the reaction was temperature dependent. When the system 
was evaluated in solvents, e.g., CH3CN, acetone, or DCM, decrease in product yield was observed when 
O2 was the oxidant source, signaling that solvent oxidation must occur within the mechanism. When the 
complex was dissolved in CH3CN, the system did not undergo a color change which led to the proposal of 
the disassociation of the acetonitrile group before oxidation can occur and with the over saturation of 
CH3CN, it prevented the binding of O2. When oxygen is bound to the CuII center, (species B to species D), 
it is released to form H2O2 in solution via solvent oxidation which was supported by using 1H NMR and GC 
analysis. The analysis of organic products derived from the oxidation of acetone (acetic acid and 
hydroxyacetone) were characterized and quantified at the different temperatures (0°C - 50°C). Monitoring 
the different oxidants by UV-vis helped characterize the copper(II)-hydroperoxide species with similar 
characteristics that were previously reported.30, 47-50 Additional spectroscopic characterization of the 
copper(II)-hydroperoxide species was confirmed by EPR. The EPR measurements agreed with a 
mononuclear copper intermediate. Identification of the presence of homolytic cleavage was shown with the 
use of alkylperoxides (CumOOH) by identifying and quantifying the possible product formations (CumOH 
and acetophenone). H atom abstraction (produced from OH• formation) was observed when external 
radical traps were used (e.g., 1,2-cis-DMCH forming 1,2-trans-DMCH). This change in stereochemistry 
shows the non-selectivity characterization of radicals. Species F was observed by halogenated solvent 
traps to form a C-halogen bond. With each step of the proposed reaction pathway fully characterized to the 
best of our abilities, the overall reaction conditions were improved by simply using CuII and H2O2. 
 
2.2.2 Synthesis of Substrate-Ligand Cu Complexes 
 In order to understand the potential intermediate species of our complexes, a series of camphor-
imine-pyridine derived copper complexes were formed by using 1 or 2 equivalent of the ligand with 1 
equivalent of CuI(CH3CN)4PF6 or CuII(CF3SO3)2 in acetone and precipitated with diethyl ether (Figure 2.4). 
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X-ray crystallography of the S1-derived system showed the L-CuI complex to have a distorted T-shaped 
geometry with the Cu ion, three N-donors, and C-atom (Coxid.) in the same plane (dihedral angle: 180°) and 
the distance of the Cu ion to Coxid. 3.13 Å apart. Each S1-derived copper complex was characterized by 
several different spectroscopic and spectrometric means (i.e., 1H-NMR, UV-vis, ESI-MS, and elemental 
analysis). Close examination of the 1H NMR spectra showed distinct peak shifts for LCuI vs. L2CuI 
complexes (downfield shifting for LCuI complexes and disappearance of the CH3CN group). The UV-vis 
spectra of the S1-Cu complexes were also distinctively different due to the oxidation state [CuI vs. CuII] and 
the number of ligands around the Cu-center (see Appendix 1 for 1H NMRs of the LCuI and L2CuI 
complexes).  The color variations in combination with UV-vis provided distinct identification for identifying 
the different Cu-oxidation states as well as ligand coordination throughout the reaction. Similarly, the other 
steroid-pyridine Cu complexes were characterized in the same manner (S2, S3, and S3-Me) and each held 









2.2.3 Oxidation under Varying Reaction Conditions 
 For oxidation of the systems, the conditions first reported by the Baran’s lab were re-examined. 
According to them, the S1-CuI complex yielded 94% of hydroxylated product by varying the reaction 
conditions by adding higher concentrations of Cu and reductant with longer reaction times. Our initial 
exploration began by oxygenating the crude solutions of the isolated complex in acetone. When the 
solutions were reacted with O2 at varying temperatures, a slight increase in yield was observed (0°C = 14% 
yield; 20°C = 25% yield; 50°C = 43% yield). This suggested that the dinuclear Cu2O2 cores were not formed 
since they are generated at lower temperatures and the hydroxylation yields should be independent of the 
temperature variations.32-35 The increase in yield with increase of temperatures also led to the hypothesis 
that H2O2 derived from solvent oxidation might be occurring within the acetone solution as seen in previous 
literature.51 Within solvent variations, there was a yield decrease in using DCM (19% yield) and CH3CN (0% 
yield), showing that the dissociation of the CH3CN from the Cu ion is needed before the binding of O2 to the 
Cu ion, but also precluded that hydroperoxide species are being formed in the acetone solution. When 
oxidants were switched from O2 to H2O2, an increase in yield was observed and when H2O2 was further 
increased the yield increased over 50% (Table 2.1, entry 11), however, higher concentrations lead to the 
decrease in products and over oxidation and consumption of the final yield. These varied reaction conditions 
helped modify the protocol to eliminating the use of O2, high temperatures and long reaction times.  
 




 The oxidation of other S1-derived complexes was also examined. The S12-CuI showed no reactivity 
with O2 to generate the corresponding L-OH product at room temperature (confirmed with UV-vis). However, 
when the complex was reacted at 50 °C, the solution turned green and the OH product was observed. To 
confirm that the system was in equilibrium between the LCuI and L2CuI congeners, the L2CuI complex was 
reacted with O2 and 1 equiv. of CuI. Under these conditions, the L-OH product was observed suggesting 
that the extra CuI shifted the L2CuI complex to form the reactive LCuI. The oxidation of L2CuI was also 
examined with H2O2. Using excess amounts of H2O2 (5 equiv.) led to an increase in yield up to 42%. This 
increase in yield is due to the equilibrium between the LCuI and L2CuI congeners with the formation of the 
reactive LCuII(OOH) from the LCuI consuming H2O2 pushing the formation of the LCuI from its L2CuI 
congener. The S1-CuII and S12-CuII complexes were also studied with O2 and H2O2 but were found to be 
unreactive with O2 and only recovered low yields at higher temperatures. When 5 equiv. of H2O2 was used 
the yield reached up to 50%. This result showed that CuI serves as an electron source to generate H2O2 in 
solution to form the S1-OH product. This finding led to the reevaluation of reaction conditions to using CuII 
salts and hydrogen peroxide (see below).  
 Following S1 complexes, the oxidation of other steroid-derived Cu complexes under different 
reaction conditions was examined (Table 2.2). S2-CuI was reacted with O2 at different temperatures 
mentioned before (0°C = 46% yield: 20-50°C = 60-80% yield; Table 2.2, entry 1-3). The discrepancy in the 
yields when compared to previous results (Schӧnecker oxidation protocol) showed that the formation of 
Cu2O2 was improbable. S2-CuI was also reacted with H2O2 to yield 66%. The remaining complexes were 
also exposed to oxidative conditions (see Appendix 1 for experimental details). Like before, S12-CuI and 
S22-CuI were reacted with O2 and 1 equiv. CuI or H2O2. The S2-CuII complex showed no reactivity to O2 at 
high temperatures but using excess H2O2 led to the formation of product. Similarly, the oxidation of S22-
CuII was not accomplished when O2 was used as the oxidant but yielded product with H2O2. The oxidation 











2.2.4 Proposed Reaction Mechanism  
 As discussed in the introduction, the previous mechanism described that a dinuclear Cu2O2 species 
was responsible for the overall hydroxylation of the imino-pyridine substrates. This prediction was solely 
based on the stoichiometry of the reaction and the tendency for the bidentate ligands to form L2Cu2O2 
species in solution.33, 35, 52 Up to this date, there had not been a detailed mechanistic study to validate the 
reaction pathway for this system.  
 We began to elucidate the mechanism by understanding the Cu/ligand equilibrium. Since the L/CuI 
species were shown to being the reactive species, titration experiments between the L2CuI and LCuI showed 
that the complexes preferred the monoligated system for oxidation. Due to the 1:1 ratio of substrate to 
copper, catalytic efficiency would be difficult, and, in some cases, additional copper would be required. The 
first intermediate species proposed was a LCuII superoxide due to the results of the LCuI/O2 reactions. We 
concluded that LCuII complex in combination with H2O2 lead to the overall intramolecular oxidation. The 
formation of a LCuII(OOH) intermediate is supported by experimental data gathered from spectroscopic 
characterization and kinetic analysis in comparison with reaction yields (see Appendix 1 for more 
experimental details). The reaction was monitored fully and compared to LCuI complexes that were reacted 
with ROOH oxidants which were known to form LCuIIOOR intermediate species. Using the LCuIIOOCum 
specie, it showed evidence of homolytic O-O bond cleavage which generated oxygen center radicals that 
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are used in the hydrogen atom abstraction step. This hydrogen abstraction forms carbon center radicals 
which rebound in an intramolecular fashion to form the C-O bond from the LCuII-oxyl moiety.  
 To understand the oxidation of the solvent, detailed NMR and GC analysis was carried out on the 
crudeeactions which led to the detection and quantification of organic products derived from the oxidation 
of acetone (hydroxyacetone and acetic acid), Figure 2.5. Similar trends to the hydroxylation yields were 
observed: yield increases as temperature increased. The amounts of acetic acid and hydroxyacetone were 
minimal at 0 °C but substantially increased at 50°C (up to 70%). The trend with increased product formation 
from acetone is consistent with the endergonic nature of the hydrogen atom abstraction from acetone (BDE 
= 94 kcal/mol) to the superoxide intermediate to form hydrogen peroxide (BDE = 91 kcal/mol).53, 54 The 
electrons provided from the solvent oxidation (2e- from the hydroxyacetone and 4e- from acetic acid) led 










 Spectrochemical titration methods were used to evaluate the formation of H2O2 in the oxygenation 
of different bidentate copper complexes. Due to the slow H2O2 formation, in combination with rapid trapping 
and decay of the radical intermediate, prohibited the accumulation of free hydrogen peroxide in solution. 
However, due to the solvent effect, the yields with peroxide forming solvents achieved higher yields (e.g., 
THF and acetone yields between 40-80%) than aromatic solvents (e.g., benzene and toluene, yield <10%). 
The observation of benzene and toluene having poor yields led to the support of the mechanistic proposal 
that the O-centered radicals (i.e., superoxide O2•) could be quenched by aromatic solvents to form oxidation 
products and in turn did not give the active oxidant - H2O2.  
 UV-vis was used to monitor the spectral characteristics of a dinuclear species versus a 
mononuclear species. Monitoring the reaction from S1-CuI or S2-CuI under various reaction conditions (i.e., 
O2 or H2O2), different temperatures (from -135°C to room temperature), and solvents (acetone, THF, 
CH2Cl2, and Me-THF)) led to the proposed reaction mechanism that there was not an observed Cu2O2 
species responsible for oxidation but instead a mononuclear species responsible.  
 The first complex monitored by UV-vis was S1-CuI by bubbling O2 at 0°C into a precooled solution 
in acetone. This led to the spectral changes observed in Figure 2.6 A, where the first 50 s depict the initial 
CuI species with rapid decay in combination with formation of an intermediate at 610 nm. The rapid decay 
and formation suggested a multistep oxidation process of S1-CuI with O2 with the involvement of at least 
two possible intermediate species. In a similar experiment we decided to quantify the hydroxylation product 
S1-OH formed under the same reaction conditions but at different reaction times, Figure 2.6 B. The yields 
acquired at short reaction times were very minimal (3-6% after 250s) and increased gradually over time 
(>12% after 300s). The reaction yields matched the kinetic traces observed and obtained by UV-vis 
spectroscopy. This concluded that the C-H bond is still intact in the initial process and that the S1-OH 
product is formed in the second process.  
 Kinetic analysis of the reaction of S1-CuI with excess O2 at 0°C was carried out by varying the initial 
concentration of the CuI complex (1-4 mM, Figure 2.6 C). The reaction was followed by UV-vis and the 
reaction rates for the different reaction steps were calculated by fitting the formation and decay curves to 
exponential functions. All the traces could be fit to first-order exponentials due to the first order dependence 
on Cu concentration leaning to the involvement of a mononuclear copper intermediate species. The reaction 
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rates were followed by observing the changes at 620 nm which correlate to the reaction rate (k1) for the first 
oxidation process and changes at 400 nm correlate to the formation (k2) and decay (k3) of the second 
intermediate.  
 The data gathered by tracking the reaction by UV-vis, following the evolution of the hydroxylation 
product, and analysis of the reaction lean towards the following proposed mechanism Figure 2.3. The first 
intermediate is formed from the oxygenation of the LCuI to form the LCuII complex (no C-H bond oxidized). 
The subsequent reaction of LCuII with H2O2 leads to the C-H bond hydroxylation by generation of O2• 
disproportionation and/or acetone oxidation. The decay of the formation of a mononuclear copper(II)-
hydroperoxo complex is proposed to form the final C-OH product. The formation of excess H2O2 minimally 
occurs under substoichiometric conditions which inhibits the formation of LCuIIOOH intermediate. Since the 
concentration of LCuIIOOH is dependent of the concentration of H2O2, the calculated decomposition rate is 
highly influenced by the formation rate. Therefore, the calculated rates need to be taken with caution and 
this issue will be bypassed by adding excess peroxide to make pseudo-first-order reaction conditions. 
 The reaction of S1-CuI with excess H2O2 was followed by UV-vis (acetone solution containing 20 
equiv. of H2O2 was added to a 1 mM CuI complex under Ar at 0°C). The LCuI species, when reacted with 
H2O2, instantly changed to a new species with a high-energy transition at 370 nm containing a shoulder at 
470 nm, Figure 2.6 D. These spectral changes are indicative of a LCuIIOOH species (spectral changes are 
usually seen by the addition of H2O2 to CuII complexes in the presence of a base).30, 47-50, 55 The addition of 
20 equiv. of H2O2 to the LCuI with 1 equiv. NEt3 led to the generation of same species seen in the LCuI/H2O2 
reaction suggesting the formation of a LCuIIOOH species. 
 The formation of the proposed [(S1)CuII(OOH)]+ species was observed to decay over time in a two-
step fashion: rapid decay ending at 300s followed by a slower decay from 300-3000s that led to the 
formation of the final species, Figure 2.6 E. The hydroxylation method was also tracked over the same 
period of time and at short reaction time, moderate yields were observed (35%) which increased above 
50% during the first 300s. Similar to the CuI counterpart, these observations suggest that the decay of the 
CuII(OOH) leads to the hydroxylation of the ligand scaffold. The second process (300-3000s) is proposed 
to being the decay of the copper(II) complex with the oxidized ligand.  
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 Kinetic analysis of varied LCuI complex concentrations (0.75-3.0 mM) with excess H2O2 (5-20 mM) 
at 0°C were carried out. The generation of the intermediate at these conditions was too fast to obtain a 
formation rate (5s). We noticed a two-step reaction that forms via a 1e- oxidation of the initial CuI complex 
[LCuI + 0.5H2O2 = LCuII(OH)]  followed by a reaction of the resulting LCuII complexes with 1 equiv. of H2O2.30 
Full generation of the LCuII(OOH) from LCuI was only accomplished when excess amounts of H2O2 (1.5 
equiv. or higher) was used. From the decays of the LCuIIOOH species (0-300s), the rates of the 
hydroxylation (k3) could be calculated. The reaction rates showed first order dependence on LCuI 
concentrations while being independent on the concentration of H2O2, Figure 2.6 F. This kinetic behavior 
suggests the formation of a mononuclear LCuII(OOH) prior to the intramolecular hydroxylation step. A 





A) S1-CuI/O2 reaction profile by UV-vis. B) UV-vis changes vs S1-OH yield with O2. C) Kinetic analysis of the S1-Cu
I/O2 reactions.
D) S1-CuI/H2O2 reaction profile by UV-vis. E) UV-vis changes vs S1-OH yield with H2O2. F) Kinetic analysis of the S1-Cu
I/H2O2 reactions.
 




 Complex S2-CuI was also reacted with O2 and H2O2 and analyzed by UV-vis, Figure 2.7. The 
reaction was followed at -40°C due to the higher reactivity of the complex compared to the S1 analog (at 
0°C the reactions with S2-CuI and oxidants were too fast to obtain kinetic data. Similar reaction 
intermediates were observed in the oxidation of S2-CuI with O2 compared to those observed for S1-CuI, 
Figure 2.7 A. Again, two reaction steps led to the generation of the suggested LCuII(OOH), which decayed 
to generate the final oxidation product (λmax = 610-650 nm). The evolution of the reaction yield was also in 
agreement with the disappearance of the LCuII(OOH) intermediate UV-vis features.  
 The S2 system underwent reactions with varied CuI concentration (0.5-3 mM with O2 in acetone) 
for the reaction rates for the formation of the proposed LCuII(OOH) intermediate (k1 and k2) and its 
decomposition (k3), Figure 2.7 C. The rates were first-order-dependent on the initial concentration of LCuI. 
When compared to the S1 analog, the reaction rates obtained for the steroid-analog were similar even 
though the reactions were carried out at a lower temperature. However, the calculated rates for the 
formation and decay of the LCuII(OOH) species have to be taken with caution because of their dependence 
on the rate of H2O2 generation. 
 The S2-CuI complex was oxidized with H2O2 and followed with UV-vis at -40°C, Figure 2.7 D. 
Adding excess H2O2 (20 mM) to the CuI complex (1 mM) solution under Ar led to the immediate formation 
of a LCuII(OOH)  intermediate (λmax = 380 nm). The same species can be seen with the addition of H2O2 to 
S2-CuII and NEt3.The decay of the LCuII(OOH) species was directly proportional to the evolution of the 
hydroxylation product. As mentioned previously, the rate of the stepwise formation of the proposed 
LCuII(OOH) complex was rapid, but the decomposition rate was measured by fitting the change in 
absorbance at 400 nm to an exponential decay. The reaction rates showed first order dependence on [LCuI] 
but were independent of [H2O2] suggesting that the LCuOOH species accumulates before the rate 
determining step (r.d.s).  
26 
 
A) S2-CuI/O2 reaction profile by UV-vis. B) UV-vis changes vs S2-OH yield with O2. C) Kinetic analysis of the S2-Cu
I/O2 reactions.
D) S2-CuI/H2O2 reaction profile by UV-vis. E) UV-vis changes vs S2-OH yield with H2O2. F) Kinetic analysis of the S2-Cu
I/H2O2 reactions.
 
Figure 2.7: Oxidation of S2-CuI with O2 or H2O2 at 0°C. 
 
2.2.5 Reactions with other Oxidants (ROOH/ROOR; R = tButyl-, Cumyl-) 
 The reactivity of S1-CuI towards other alkylhydroperoxo’s (tbutyl hydroperoxide (tBuOOH) and 
dimethylhydroperoxo (CumOOH)) and alkyl-peroxo (di-tert-butyl peroxide (tBuOOtBu) and bis(1-methyl-1-
phenyl-ethyl) peroxide (CumOOCum)) oxidants were also evaluated (see Appendix 1 for more experimental 
details).  
 Complex S1-CuI was reacted with tBuOOH (20 equiv.) at 0°C which led to the formation of a brown 
species. The distinctive features of this intermediate resemble those of the highly reactive LCuII(OOH) 
species; this new intermediate is proposed to be the alkyl-peroxo complex [(S1)CuII(OOtBu)]+.56 Similar to 
the LCuII(OOH) complex, the first order decay led to the formation of the hydroxylation product. However, 
the half-life of the LCuII(OOtBu) complex was significantly longer (7h vs 30 s), but its decomposition led to 
lower reaction yield (up to 18%). When exposed to the alkyl-peroxo, tBuOOtBu, the S1-CuI was oxidized to 
the blue species with no hydroxylation of the ligand. This indicated that the formation of the proposed 
LCuII(OOR) is required to oxidize the ligands.  
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 The copper(II) cumyl-peroxo complex derived from the oxidation of the S1-CuI with CumOOH was 
studied. The proposed [(S1)CuII(OOCum)]+ intermediate decayed first order and was slower than the tBu 
complex (t1/2 = 14h). The decomposition and formation of hydroxylation were low (yield up to 14% after 
3000s).56, 57 When the S1-CuI complex was exposed to CumOOCum, no hydroxylation product was 
observed. This kinetic analysis supports the proposed mechanism by being independent on the 
concentration of the ROOH and first order dependent on LCuI concentrations.  
 In another study, the same methodology was used to generate the putative S2-derived alkyl-peroxo 
copper(II) complexes [(S2)CuII(OOtBu)]+ and [(S2)CuII(OOCum)]+ at -40°C. The formation of the 
hydroxylation product led to the first order decays with the [(S2)CuII(OOtBu)]+ complex being less stable 
than the [(S2)CuII(OOCum)]+ species. However in comparison to the LCuII(OOH) analogue, both 
LCuII(OOR) complexes generated lower yields (30-35% vs 60%). The in-depth kinetic analysis supports the 
proposed mechanism by showing the independence on the initial concentration of CuI and ROOH. When 
the tBuOOtBu and CumOOCum were used the alkyl peroxo intermediate was not observed and no 




Figure 2.8: Kinetic analysis of S1-CuI with A) tBuOOH and B) CumOOH at 0°C. 
 
2.2.6 LCuII(OOR) Intermediates Characterized by Additional Spectroscopic and Spectrometric 
Experiments 
 
  Reaction intermediates were furthered measured by EPR for S1-CuI with different oxidants as well 
as the final product derived from the reaction. When O2 as bubbled to the S1-CuI complex at 0°C the spectra 
began with an EPR silent complex followed by the very fast formation of a mononuclear LCuII intermediate 
that was EPR active and reminiscent of copper complexes with dx2-y2/dxy ground states as well as the 
independently synthesized [(S1)CuII(H2O)2(CF3SO3)]+ complex (see Appendix 1).27, 49 In addition to the 
reactions with O2, the intermediates derived from the reaction with ROOH oxidants were also studied (R = 
A) S1-CuI and tBuOOH reaction profile by UV-vis.
B) S1-CuI and CumOOH reaction profile by UV-vis.
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H, tBu, and Cum). Excess addition of ROOH to the solutions of S1-CuI led to the formation of a [(S1)CuII-
(OOR)]+ with similar but very distinct EPR features (gII > g┴; 2.33 > gII > 2.23). The EPR spectrum of S1-
CuII with H2O2 and NEt3 generated the [(S1)CuII(OOH)]+ which was found to be similar to the reactions using 
S1-CuI and H2O2. When exploring the S2-CuI system with O2, H2O2, tBuOOH, and CumOOH at -40°C, 
similar results were obtained when compared to the S1-CuI reactions.  
 Isotope labeling experiments characterized by ESI-MS were also used to detect if the oxygen atom 
incorporated into the final product was derived from the reduction of O2 (16O2 and 18O2). The final oxidation 
products detected were S1-16OH for 16O2 and S1-18OH for 18O2. When switching to isotopic H2O2 (H216O2 
and H218O2), similar results were obtained (S1-16OH and S1-18OH) suggesting the formation and decay of 
a [(S1)CuII(OOH)]+ intermediate species.  
 
2.2.7 Oxidation of External Substrates and Analysis of Radical Decay: O-O Cleavage Mechanism 
 
 Under close examination of the copper(II)-hydroperoxo species, the next step was to identify the 
O-O bond cleavage mechanism within the formation of the final hydroxylation product. Analysis of organic 
products from the cleavage of the O-O bond was used to identify if the cleavage was homolytic or 
heterolytic.58, 59 If the M-O-O-Cum (M = metal) is broken heterolytically, the CumO- anion would be 
generated and eventually protonated to give the cumyl alcohol product. If the O-O bond split homolytically, 
the radical (CumO•) could form either A) CumOH through intramolecular H abstraction or B) acetophenone 
through β-scission, Figure 2.9 A.57, 60 
 Analysis of the different products was identified by GC or 1H NMR for acetophenone, CumOH, and 
oxidized ligand at varying experimental temperatures, Figure 2.9 B. In each case, the formation of 
acetophenone was observed which alluded to the homolytic O-O cleavage pathway. Closer examination of 
the ratio of products at different temperatures showed a dependence on the temperature and quantity of 
the product. This could be due to the formation of RO• and the reactivity of the radical. To further understand 
the pathway of the radical, external radical trap substrates were added in excess to account for the 
nonproductive pathway of the RO•. Cyclohexane and 1,2-cis-dimethylcyclohexane (1,2-cis-DMCH) were 
used to quantify the fleeting RO•, Figure 2.10, with different oxidants at 20°C. Where lower yields were 
observed like in the case for S1 with the alkyl peroxides, higher intermolecular hydroxylation was observed. 
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With the substrate 1,2-cis-DMCH, equal amount of cis and trans products were recovered which is 
characteristic of an O-centered radical (unselective oxidations).56, 61 When S1 was compared to S2, the 
trend when using the same oxidant showed that intramolecular oxidation was favored, and that oxidation 










Figure 2.10: External substrate trapping with cyclohexane and 1,2-cis-DMCH to trap free RO•. 
 
2.2.8 Halogenated Cosolvents: Understanding the Oxidation within the Solvent Cage 
 To understand the formation of the C-center radical and the C-O bond formation, halogenated 
cosolvents (CCl3Br and CCl4) were used to trap the proposed radicals formed within the reaction. We 
propose that H abstraction occurs from RO• formed in solution that forms a C• that rebounds with the CuII-
O• to form the final C-O bond. The halogenated cosolvents served as efficient radical traps due to their 
ability to being attacked by C-center radicals. In Figure 2.11, halogenated products were observed in every 
reaction (using the oxidants O2, H2O2, tBuOOH, and CumOOH). When O2 was used, the yields overall 
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decreased. This suggested that the superoxide intermediate may have been quenched under the 
halogenated conditions causing a decrease in the formation of H2O2 generation leading to an overall 
decrease in overall oxidation yields. The production of halogenated products suggested the formation of C• 
after H abstraction was possible when using H2O2 and CCl3Br for both the S1 and S2 systems. CCl3Br gave 
a higher yield of C-X due to the BDFEC-Br less than the BDFEC-Cl (i.e., more C-Br bonds are formed) In 
comparing S1 to S2, S1’s C-H bond had a higher BDFE than S2 which led to more RO• escaping the solvent 






Figure 2.11: Radical trapping experiments for S1-CuI and S2-Cu1. 
 
2.3 Conclusions 
 From breaking down the new proposed mechanistic pathway, conditions for the overall reaction 
are redesigned and overall improved using the S1 system. Redesign of the conditions focused on finding a 
better Cu source and oxidant: in collaboration with Baran’s lab, optimization results are shown in Table 2.3. 
CuII(NO3)2 • 3H2O was found to be the best and most economical Cu source. Hydrogen peroxide was 
proven to be the best oxidant and a solvent change from acetone to THF afforded full consumption the 
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starting material. New conditions allowed for the elimination of reductant (before used benzoin or sodium 
ascorbate) and provide an open-flask reaction setup.   
 Despite the oxidation occurring via the formation of radicals, the orientation of the copper(II)-oxyl 
species and the rigidity of the ligand scaffold directed the formation of a single product. Comparing the new 
conditions to recent methodology, the modification to the reaction conditions afforded good yields (81% 
NMR yield and 74% isolated yield; previous conditions yielded 31% and 4% by Schӧnecker and 94% and 
87% by Baran’s method). Under the new reaction conditions, the amounts of reagents were reduced, and 
the overall efficacy of the methodology was improved; Cu decreased from 2.3 equiv. to 1.1 equiv., reaction 
time decreased from 6 to 1 hr, and excess reductant was removed (2.3 equiv. to 0 equiv.). From the intense 
investigation of the mechanism, we observed a new mechanistic proposal that stemmed from the 
observation of the temperature dependent LCuI complexes (higher temperatures surpassed the 50% yield 
threshold previously observed). A mononuclear monooxygenase mechanism reminiscent of the oxidative 
pathways for copper-dependent monooxygenase enzymes (i.e., PHM and LPMO) was proposed. The 
proposed mechanistic steps are A) the CuI complexes react with O2 to generate CuII and superoxide which 
reacts further to form H2O2; B) CuII reacts with H2O2 to form the reactive intermediate species LCuII(OOH); 
C) The LCuII(OOH) intermediate undergoes homolytic O-O cleavage to generate O-centered species (RO•); 
D) The O-centered radicals abstract a H• atom from the ligand which generates a C• radical that undergoes 
radical rebound to for C-O bonds.  
35 
 
Table 2.3. in situ optimization reactions of S2 with CuII and peroxides. 
 
 
2.4 Future Directions 
 This detailed study of the reaction mechanism is one of the most comprehensive mechanistic 
studies of Cu-directed C-H hydroxylation. From understanding the reactivity of the Cu-center and the 
cleavage of the LCuII(OOH) intermediate more substrates and even directing scaffolds may be expanded. 
The systems explored within this chapter focused on bidentate fully saturated (aliphatic) system, however, 
the knowledge gained from these systems could be expanded to develop catalytic, other denticity (mono, 
tri, tetra) and even unsaturated C-H bonded substrates. Our extensive effort has made our methodology 





Copper Directed sp2 β-hydroxylation and sp3 ɣ/β-hydroxylation of C-H Bonds using Stoichiometric 





 From understanding the C-H bond hydroxylation mechanism in Chapter 2, we decided to turn our 
efforts from sp3 C-H bonds to more challenging sp2 C-H bonds and broadening the scope of substrates for 
sp3 C-H bond hydroxylation. Synthetic methods currently using 3d metals for C-H bond hydroxylation are 
scarce.64 Transition metals tend to form radical species that lead to unselective oxidation and degradation 
of the functional group.65 Typically for sp2 systems, harsh reaction conditions are used to do a simple 
transformation to only provide an intermediate compound for total synthesis. This intermediate compound 
may also be low yielding and easily degradable. Current sp2 hydroxylation methods include Fries 
Rearrangement (Figure 3.1 A)66, 67, hydrolysis of aromatic halides, or oxidation of benzylic alcohols. These 
processes are dependable but currently require the use of harsh acids, expensive metals, tedious 
temperatures with long reaction times, and formation of side products.67-69 To circumvent the formation of 
side product formation and regioselectivity issues, directing groups have become desirable in organic 
synthesis. Hirano’s research group recently reported the ɣ-hydroxylation using copper except the directing 
group was unable to detach from the starting ligand scaffold.70 Other similar reactions used a palladium (or 
Rh. Ru) catalyst source in combination with hypervalent iodine oxidants (Figure 3.1 C)68, 71-73 However, 
these major synthetic break throughs yielded low product formation with high formation of side products.  
 o-Acylphenols are found in several bioactive natural products and drugs along with being used as 
building blocks within total synthesis of pharmaceuticals and oxygen containing heterocycles.74 The Yu 
research lab showed the intramolecular ortho hydroxylation of phenylamides using excess amounts of Cu 
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at high temperature in combination with external oxazoline ligands and additives.73 Uchiyama reported the 
direct ortho hydroxylation of N, N-diisopropylamides by deprotonation using excess amounts of a copper 
base followed by the addition of tBuOOH, Figure 3.1 B.70 Cu/O2 species within organic synthetic chemistry 
has been limited to a few examples despite the abundance of Cu/O2 species found in inorganic literature.24 
A few noticeable examples are Lumb’s reports on Cu-catalyzed aerobic functionalization of phenols75-77 
and Reglier’s Cu-directed oxidation of C-H bonds,78, 79 which inspired the work of Schӧnecker on steroid 
sp3 hydroxylation.32, 33, 80 Under similar reaction conditions, Schindler has shown how bidentate amines 
direct hydroxylation of sp2 and sp3 C-H bonds using CuI and O2 with yields less than 50%.81 Inspired by the 
previous findings and conditions of the sp3 C-H bonds, we decided to apply the benign reaction conditions 









3.2 Results and Discussion  
3.2.1 Synthesis of Imino-Pyridines 
 Each substrate underwent a condensation reaction with 2-picolylamine to form the substrate-ligand 
systems for a total of 22 new and different aromatic systems (L1-L22), Figure 3.2. The initial study began 
by forming the symmetric benzophenone substrate-ligand (L1) using 1 equiv. of the ketone with 2.2 equiv. 
of 2-picolylamine and isolation of the imine with 98% purity. Various ketone substrates were formed under 
a similar manner, while aldehydes were synthesized by a simple reaction at room temperature in DCM 
(Figure 3.2, Condition 2). The new bidentate systems ranged from 70-98% pure and systems below 70% 
were remade to obtain a higher purity to eliminate any side product formation within the oxidation steps. 










3.2.2 Characterization of Imino-Pyridines 
 After isolation of each imino-pyridine system, the CuI and CuII complexes were synthesized within 
the glovebox with either 1 equiv. of substrate-ligand or 2 equiv. of substrate-ligand with copper. Each 
complex was dissolved separately in acetone and precipitated using diethyl ether and dried in the 
antechamber of the glovebox, Figure 3.4 A. Once isolated, the complexes were characterized by 1H-NMR 
in acetone-d6 or acetonitrile-d3. Each isolated complex was also recrystallized using acetone and diethyl 
ether in two phases to form crystals for X-ray diffraction analysis (see Appendix 2 for experimental details). 
 Successful crystallizations were sent for single crystal X-ray diffraction analysis to provide structural 
information about the scaffold and hydroxylation site. The cuprous complexes derived from L1 was isolated 
in the L12CuI form and only a few of the LCuI were successfully isolated. However, each complex could be 
distinguished by 1H-NMR by the shift in the bridging CH2Py group, as well as the appearance and 
disappearance of the CH3CN group on the Cu center. 
 Examining the crystal structure of the [L12CuI](PF6) complex (Figure 3.4 B, left), the site of interest 
for intramolecular hydroxylation in the ɣ position was 3.347 Å from the CuI ion and in the same plane 
(dihedral angle = 151.5°), suggesting that the copper ion is pointed directly at the C-H of oxidation. An 
example of an LCuI complex which was successfully isolated from the L8 substrate-ligand showed that the 




Figure 3.4: A) Example using L1 of the synthesis of LCuI and L2CuI complexes. B) X-ray diffraction 
analysis of the systems derived from benzophenone (L1) and benzaldehyde (L8). 
 
3.2.3 Oxidation of Imino-Pyridines 
 Once the L1-CuI complex was isolated and characterized, the L1 system underwent various in situ 
optimization reaction conditions, Table 3.1. We began by mixing equimolar amounts of L1 and 
[CuI(CH3CN)4](PF6) in acetone followed by the immediate addition of 5 equiv. of H2O2 (30%) to produce the 
hydroxylation product, P1, in excellent yield, entry 3. Various copper sources were tested with 
[CuI(CH3CN)4](PF6) obtaining the highest yield of 85%, entries 14-18. During the solvent variations, 
acetone afforded the best results, entry 3, compared to THF > DCM > CH3CN, entry 9-11. Under oxidant 
variations, we noticed that with the use of O2 in combination with increasing temperatures caused the 
production of hydroxylated product to increase, entry 5-8. This effect was also observed in the oxidation of 
the sp3 substrates previously mentioned in Chapter 2; it’s attributed to the formation of H2O2 in solution via 
the reduction of O2 by CuI paired with subsequent oxidation of the solvent which was favored at higher 
temperatures.82 Exploring other oxidants such as cumyl hydroperoxide (CumOOH) and tert-butyl 
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hydroperoxide (tBuOOH) were studied, however H2O2 produced the product, P1, in excellent quantity, entry 
3, 12-13. Other first row transition metal sources were used (e.g., MnII, FeII, and NiII), but P1 was not formed 
and only S1 was recovered, entry 19-21. This alluded to the methodology being copper dependent. Overall 
the most suitable conditions to use were 1 equiv. [CuI(CH3CN)4](PF6) with 5 equiv. H2O2 (30%) in acetone 
for 30 mins at room temperature. These conditions were applied to other substrates to understand the 









 Under these conditions, we explored the oxidation of substrate-ligand systems derived from the 
condensation reaction of various benzophenones, acetophenones, and benzaldehydes, Figure 3.5. The 
oxidation products were recovered with modest to excellent yields (30-85%) in the ɣ-position of the sp2 C-
H bonds. For substrates that could have multiple sites of oxidation (e.g., 2-acetonaphthone), only a single 
product was recovered, P14. We also looked into the over oxidation of the benzophenone-derived system 
and concluded that a second hydroxylation product (2, 2’-dihydroxybenzophenone) did not form and only 
P1 was recovered (P16, 0%). This was postulated by the oxygen atom on the substrate coordinating to the 
metal center with the two nitrogen donors and not allowing for the de-coordination of the oxygen atom, 
rotation of the backbone and coordination of a peroxide anion for second hydroxylation.  
 New sp3 C-H bond-containing systems were also explored using the CuI and H2O2 conditions. A 
completely symmetric sp3 substrate-ligand was formed from dicyclohexyl ketone and was selectively 
oxidized in the β-position in high yields with a decrease in the amount of H2O2 (1.5 equiv.), (P17, 70%). 
This site of hydroxylation was completely different when compared to the other sp3 substrates previously 
explored where hydroxylation occurred on the ɣ-position, P20 and P21. 32, 33 35, 80, 82 When we applied our 
conditions to a system with competitive sp2 and sp3 C-H bonds, due to the orientation of the of the system 
within imine formation, β hydroxylation was favored (P18, 55%). In the case of choosing the sp2 C-H bond 
over the sp3 C-H bond for the 2-methyl-1-tetralone substrate, the ɣ sp2 C-H bond was favored for 
hydroxylation in good yield (P22, 54%). This selectivity is different from the previously reported oxidation 
by Schoenebeck and co-workers who observed the oxidation of the sp3 C-H bond under the conditions of 
Cu2O, strong base, and O2 (P23).83 From this procedure we were able to synthesize the β-hydroxylation 
product of 2-adamantanone with remarkable yields (P19, 70%). This type of product is inaccessible using 




Figure 3.5: A) General substrate-ligand oxidation. B) sp2 C-H bond ɣ-hydroxylation products. C) sp3 C-H 
bond β- and ɣ-hydroxylation products. D) regioselectivity of our present work vs. Schoenebeck’s product. 
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3.3 Mechanistic Investigation into the sp2 C-H Bond Hydroxylation Promoted by Cu and O2 
 Our synthetic strategy enables us to interchangeably choose the ketone, directing group, and 
oxidant to understand the synthetic system as well as site selectivity for the hydroxylation. Understanding 
the Cu/O2 cores on smaller molecules leads to a better understanding of the Cu/O2 core of biologically 
relevant copper-dependent metalloenzymes which will further into applying these biological conditions into 
industrial synthetic purposes. We began our mechanistic studies with isolated complexes 
[(LX)CuI(CH3CN)]+. 
 Previously we reported that when the LCuI complex was introduce to O2, it generated the LCuII-
superoxide species (Figure 3.6, species B) that forms H2O2 through the oxidation of the solvent, acetone.82 
From there, a LCuII(OOH) intermediate forms before the rate determining step (Figure 3.6, species D). For 
the benzophenone-derived CuI complexes [(L1-L6)CuI(CH3CN)]+, a similar intermediate and pathway is 
proposed, however the path towards substrate oxidation varies slightly (Figure 3.6, bottom pathway). After 
the LCuII(OOH) is formed, a Wheland-like intermediate (INT1) is formed and isomerizes which generates 
the CuII(OH)2 and regains aromaticity of the system. In this section, a thorough investigation of the 





Figure 3.6: Previously reported sp3 C-H bond hydroxylation (top) with the current sp2 C-H bond 
hydroxylation (bottom). 
 
 The reaction of [(L1)CuI(CH3CN)](PF6) and H2O2 was followed by UV-vis and EPR, Figure 3.7 A. 
To a solution of 0.5 mM of [(L1)CuI(CH3CN)]+, H2O2 (20 mM) was added at -20 °C (orange spectrum) which 
generated a species reminiscent of a LCuII(OOH) complex (green spectrum).30 The decomposition of the 
LCuII(OOH) produced two mononuclear CuII species in a stepwise manner (λmax ~ 380 nm), which are 
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assigned as CuII compounds where the ɣ sp2 C-H bond has been oxidized (purple and blue spectra). To 
confirm the final CuII hydroxylation product, we independently synthesized and characterized the complex, 
and saw that the UV-vis spectrum overlaps with the species formed in the LCuI/H2O2 reaction. The 
absorbance was fit at 380 nm and suggested a 3-step reaction in which the initial LCuI complex is quickly 
transformed into its LCuII(OOH) intermediate species (after 5 secs), which generates two different forms of 
the hydroxylation product [(L-O)CuII(OH2)] from 5 to 200 s, and [(L-O)CuII] from 200-3000 s. In a parallel 
experiment, the same species are observed by EPR, Figure 3.7 A, insert. It was confirmed that 
hydroxylation of the substrate occurred at short reaction times (5 - 200 s) by analyzing the hydroxylation 
yields at different reactions times and quantifying the products by 1H-NMR, Figure 3.7 B, (see Appendix 2 
for experimental details).  
 Kinetic analysis by varying different Cu and H2O2 concentrations suggested that the hydroxylation 
rate is first-order on [LCuI]0 and zero-order in [H2O2]0, Figure 3.7 C i and ii. This suggests that the 
intramolecular hydroxylation process is not a one-step bimolecular process between LCuI and H2O2 and 
that the decay of the LCuII(OOH) intermediate occurs within the r.d.s. The kinetic isotope effect (KIE) of the 
reaction was explored when we compared the rates of L1 vs. L7 (non-deuterated benzophenone vs 
deuterated benzophenone). The KIE value of 0.83 indicates that the oxidized C H bond undergoes sp2 to 
sp3 hybridization during the r.d.s, which is consistent with an electrophilic attack of the LCuII(OOH) on the 
arene substrate. The reaction rates of the CuI para-substituted substrate-ligands were also obtained (para 
substituent = MeO, Me, F, Cl, or Br). It was found that the rates of hydroxylation were independent of the 
substituent (kobs vs σ+p, Hammet plot), Figure 3.7 iv. For electrophilic sp2 oxidations, the electron donating 
systems should react faster.87 However, the introduction of the electron donating/withdrawing systems onto 
the substituent might affect the electrophilicity of the LCuII(OOH) core on the aromatic system. For example, 
the use of the para-MeO substituent will produce a substrate that is more reactive towards an electrophilic 
attack but have a more electron-rich LCuII(OOH) core and therefore become less electrophilic.  
 To understand this effect even more, the redox potentials of the benzophenone-derived Cu-
complexes were measured, Figure 3.7 D. [(L1)CuI(CH3CN)]+ was found to be reversibly oxidize at -0.07 V 
versus ferrocene/ferrocenium (Fc0/+) in CH3CN. For systems containing electron donating groups (para – 
Me and para – MeO) the CuI/CuII redox couple shifted to lower redox potentials, -0.11 V and -0.16 V, 
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respectively. The complexes containing electron withdrawing groups (para – F, para – Cl, and para – Br), 
the redox potentials were found at higher potentials, 0.00 V, 0.02 V, and 0.02 V, respectively. The 
substitution of the 4-position on the substrate led to an overall change in redox potential of approx. 0.2 V, 
with 4-MeO having the lowest potential and 4-Br having the highest. This effects explains the trend we see 
during the kinetic analysis of the different substituents; 4-MeO benzophenone substrate is more prone to 








































































































































B. Spectroscopic and kinetic analysis
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3.4 Computational Studies 
 In collaboration with Marcel Swart at the University of Girona, DFT calculations were carried out to 
help understand the mechanism of the intramolecular hydroxylation by the LCuII(OOH). The calculations 
showed an end-on CuII-hydroperoxide (RC) that undergoes heterolytic O-O bond cleavage with 
concomitant electrophilic attack of the phenyl substrate.88 The Wheland-like intermediate (INT1) isomerizes 
to a Cu complex where the H atom of the ɣ-carbon transfers to the δ position (INT2).89, 90 The hydrogen 
atom shift triggers the deprotonation of the organic fragment by the CuII-OH core (TS3) to generate H2O 
and recover aromaticity of the phenyl ring (PC).  
 Based on this understanding, the O-O bond cleavage is the reaction step that requires more 
energy, and it agrees with the kinetic measurements and spectroscopic characterization; the rate limiting 
step is the O-O bond cleavage, coupled with the electrophilic attack. Calculations were carried out for the 
O-O bond cleavage of 4-MeO and 4-Br and compared to that of the 4-H system. The values found were 
very similar to the 4-H system (4-H = 15.8 kcal/mol, 4-MeO = 16.2 kcal/mol, 4-Br = 14.6 kcal/mol). The `1 
kcal/mol difference is in agreement with the kinetic data described above where reaction rates were all 








Figure 3.8: DFT calculations on the Cu-promoted C-O bond formation of sp2 C-H bonds. 
 
3.3 Conclusion 
 The mechanistic findings supported the idea that H2O2 is the active oxidant in the sp2 C-H bond 
hydroxylation process. We proposed that when O2 is introduced to LCuI, LCuII is generated and superoxide 
is formed and subsequently reduced to H2O2 via solvent oxidation, Figure 3.9. The cupric complexes, LCuII, 
reacts with H2O2 to produce the mononuclear LCuII(OOH) intermediate species before hydroxylation of the 
substrate. It should be noted that the LCuII(OOH) intermediate species is proposed to be formed using H2O2 
and LCuI to form LCuII(OH) and LCuII(OOH). Also, we observed that the LCuII(OOH) intermediate can also 
be formed by adding H2O2 to LCuII in the presence of a base. Based on the mechanistic evidence, the 
mononuclear LCuII(OOH) complex undergoes heterolytic O-O bond cleavage with concerted C-O bond 
formation as the rate-determining step of the reaction rather than the homolytic O-O bond cleavage 
previously reported for the sp3 C-H bonds, see Figure 3.6.  
 Due to the formation of a LCuII-OOH intermediate species formed from the conditions of LCuII, 
base, and oxidant, reaction conditions were changed to carry out the oxidation in the presence of CuII, 
H2O2, and Me4NOH * 5H2O. Overall, the spectrum observed, and rates were identical to those generated 
with L1 and CuII/H2O2. The addition of extra OH- lead to higher P1 yields with a cheaper copper source, 




Figure 3.9: Proposed for ɣ sp2 C-H bond hydroxylation of aromatic systems. 
 
3.4 Future 
 Inspired by the interchangeable ligand synthesis as well as the mechanistic findings, efforts are 
now being made on modifying the directing group and broadening the substrate scope. Tuning the directing 
group from bidentate systems to tri- and tetra- denticity will generate different Cun/O2 cores. Changing the 
donating ability of the directing will also change the reactivity of the Cu/O centers. Efforts are currently being 
studied on the effect of lengthening the backbone to direct the site of oxidation, β vs ɣ vs δ positions. Tuning 
the ligand scaffold and understanding the reactivity will lead to better understanding the reactivity of the 






Practical One-Pot Multistep Synthesis of 2H-1,3-benzoxazines using Cu, H2O2, and NEt3 
 
 
4.1 Introduction  
 Serendipity is defined as the phenomenon of finding valuable or agreeable things not sought for 
discovery.91 Within the optimization of the previous conditions presented in Chapter 3 in combination with 
a comprehensive analysis of the results, a new product was discovered by 1H-NMR and confirmed by X-
ray crystallography, Figure 4.1. During the oxidation reaction we discovered the formation of benzoxazine-
derivatives that incorporates the directing group into the final product. The addition of the directing group 
into the overall product eliminates the process of removing the directing which adds more procedural steps 
for the recovery of a purified hydroxylation product but now it diversifies the methodology into forming a 
completely different product. This synthetic procedure has maximized the overall atom economy of the 









 Final products that incorporate their directing group may be found in literature for a wide range of 
monodentate and bidentate systems.92-94 Most ideal conditions for C-H bond functionalization tend to 
remove the directing group or use a transient directing group which either lowers the overall atom economy 
of the system or improves it’s catalytic efficiency. Examining the more recent monodentate C-H 
functionalization conditions closely, late-transitions metals like Pd, Rh, and Re have been shown to 
providerobust and commercially available catalyst for coupling of the directing group into the overall 
product, Figure 4.2. However, there are a few metal-free methodologies.95-97 Within the last decade, Pd 
was shown to direct and activate C-H bonds through coupling reactions to form dihydro-isoquinolines98, 
indole and indoline systems through dehydrogenative coupling of aryl urea and vinyl arenes99, and for the 
formation of dihydrophenanthridines, phenanthridines, and carbazoles through an iminoquinone directing 
group by varying the reaction conditions slightly.100 Commercially available rhodium systems have been 
able to efficiently couple benzimidates with dioxazolones to form quinazolines in excellent yields.101 
Rhodium, in combination with first row transition metal copper, activates C-H bonds for the [4+2] annulation 
with alkyl azides to form bioactive quinazolines.102 Cobalt became one of the first-row transition metals to 
form isoquinoline systems via [4+2] annulation of N-H imines (directing group) with alkynes and will form 
isoquinoline-derivatives by alkyne annulation using a N,O directing group in combination with AgSbF6 and 
NaOAc.103 Utilizing the N,O directing group, Cheng, et al., showed that cobalt will catalyze the formation of 
1-amino and 1-carbon substituted isoquinolines using N’hydroxybenzimidamides with alkynes.104 Then 
cobalt was shown to form isoquinolin-3-ones with the help of B(C6F5)3 by coupling imines with 
diazocompounds.105 Manganese was shown to use a traceless directing group to perform annulation 
reactions with a redox-neutral manganese(I) by coupling an alkyne and imine to form isoquinolines.106 
However, the conditions did not fully utilize the potential of incorporating the directing group, but instead 
coupled substrates to form a macromolecule. Moving towards copper-promoted systems, copper was 
shown to promote and direct cross-dehydrogenative coupling with N-substituted amides and phenols to 
form dihydro-oxazinones.107 
 Within bidentate directing groups, first row transition metals emerged as the primary catalysts for 
functionalization due to their availability, cost, low toxicity, and efficiency and selectivity under mild 
conditions. In 2017, cobalt performed annulation reactions with benzamides and allenes to give 
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isoquinoline-1(2H)-ones and pyridines in excellent yield using Cs2CO3, Ag2CO3, and TFE at 80 °C for 24 
hours.108 In addition to synthesizing isoquinoline-derived systems, cobalt was shown to couple heterocyclic 
compounds with the aminoquinoline system to form bisheterocycles in modest yields.109 Recently, iron was 
shown to couple alkenes and arenamines with internal alkynes through annulation reactions to form pyridine 
and isoquinolone derivatives with high selectivity and yield.110 Exploring copper-promoted systems, copper 
was shown for form phenanthridinones by using cesium fluoride, TBAI, under air with N-quinolylbenzamides 
as the main directing group and benzyne as the substrate in high yields.111 However, each of the conditions 
for monodentate and bidentate systems are still extremely harsh and require high temperatures and long 
reaction times to perform the C-H functionalization to synthesize these compounds used in pharmaceutical 




Figure 4.2. Monodentate and bidentate directing groups incorporated into cyclic compounds. 
 
 Benzoxazine’s are uniquely described as a heterocycle containing a nitrogen and an oxygen atom 
within one of the ring systems, see Figure 4.3 A.112 These unique systems are prevalent in pharmaceutical 
agents113 (such as potassium channel regulators;114, 115 LDL and HDL drugs116), bioactive molecules,117-120 
and natural products, see Figure 4.3 B for current examples. Existing methodologies to produce such 
molecules involve multi-step reaction sequences which lowers the overall recovery of the product as well 
as atom economy of the reaction. A few current procedures focus on using metal free multi-synthesis 
procedures117, 121 or metal assisted protocols. In 2003, Pd was discovered to form 4H-3,1-benzoxazines, 
quinazolin-2-ones, and quinoline-4-ones, however the starting material needed to be pre-functionalized with 
55 
 
an alkyne.122 Then in 2010, Saito et al., developed a selective regio-controlled cyclization to form 4H-3,1-
benzoxazines using o-alkynyl-N-carboxanilides and PdCl2 (10 mol%), however the procedure needed at 
least 1 equivalent of AcOH.123 Beginning in 2012, copper emerged with the help of a strong oxidant, 
selectfluor, to form 4H-3,1-benzoxazines, however, the conditions were under nitrogen and at extreme 
temperature (130 °C, in DCE).124, 125 Recently copper, in combination with MnO2, formed 4H-3,1-





Figure 4.3. A) General substrate scaffold for the derivatives of benzoxazines; B) current pharmaceutically 
active molecules; C) metal-promoted cyclization reactions to form benzoxazines. 
 
 Here, we report on the optimization and investigation in which copper promotes the cyclization of 
the hydroxylated products discussed in Chapter 3 into their corresponding 6-membered heterocycles - 
which maintains high atom economy and provides a multi-step in situ synthesis for control of your desired 
product under mild reaction conditions. Currently, the protocol is a unique one pot multi-step process. Each 
system was isolated and characterized independently and used in combination with the optimized reaction 
conditions and furthered to show that the system could obtain potentially a third product (where second 




Scheme 4.1: General scheme for formation of a second hydroxylated product after cylization. 
 
4.2 Results and Discussion 
4.2.1 Re-examination of Substrate-ligand Hydroxylation under New Oxidative Conditions  
 Investigation into sixteen amino-pyridine systems were synthesized via ligand synthesis provided 
in Chapter 2 and 3 shown in Figure 4.4 A. Each substrate-ligand reacted individually with the new 
CuII(NO3)2*3H2O (1 equiv.), H2O2 (30%, 5 equiv.), and Me4NOH*5H2O (1 equiv.) conditions to form either 
the ɣ-hydroxylation or β-hydroxylation products in moderate yields (23-80%), respectively (Figure 4.4 B 
and C, see Appendix 3 for experimental details). Isolation of each product with a mixture of Na2EDTA (pH 
= 4) and EtOAc afforded the desired products (product-ligands) which were characterized by 1H-NMR and 
confirmed with previous literature references.24, 82  
 Isolation of the product-ligand (PL) version of the oxidized substrates was pertinent into carrying it 
into the next reaction step as well as recovering a moderate amount of the system. The sixteen systems 
were isolated and characterized as their respective PL’s and conditions were carried out to form the cycles 
in a one-pot synthesis. The systems are proposed to form 6-membered heterocycles and potentially 5-
member heterocycles. Within the scope of the reaction, the sp2 C-H bonds formed the 6-membered 
heterocycles while the sp3 systems cleaved into the hydroxylation product and did not further transform into 
their respective cycles. The substrate-ligands were then oxidized under the new one-pot in situ cyclization 
conditions of CuII(NO3)2*3H2O (1 equiv.), H2O2 (30%, 5 equiv.), Me4NOH*5H2O (1 equiv.), and NEt3 (5 
equiv.), Figure 4.5. Each new cyclic product was isolated by a short basic alumina column and 




Figure 4.4: A) General ligand synthesis for the formation of imines, B) optimized oxidation conditions, 





Figure 4.5: A) General cyclization conditions and B) scope of the cyclization reactions. 
 
 Product C1 was further characterized by X-ray crystallography by mixing a 1:1 ratio of C1 with 
CuI(CH3CN)4PF6 in acetone (1 mL) and precipitated by Et2O (20 mL) within the glovebox. The complex was 
characterized by 1H NMR and recrystallized by dissolving in acetone and layering Et2O. The solution 
produced a yellow crystal, Figure 4.6. The crystal structure confirmed the benzoxazine formation, but it 
also gave insight into the potential to produce another product by subsequent hydroxylation of the 
asymmetric side of the systems. The complex showed a dihedral angle is 129.34° (N-Cox-N) and the Cox is 
3.328 Å from the Cu-center. During optimization of the C1 product, the formation of its isomer occurred, 
C4H1. The system was also isolated and complexed to Cu. From the X-ray analysis, the N-Cu-N-Coxid, are 
all in the same plane with the Coxid being 3.82 Å apart. These structures provided substantial information for 
the possibility of a second hydroxylation after cyclization. C1 and C4H1 were isolated and optimized 
hydroxylation conditions were used to perform a second ɣ-hydroxylation. The products were isolated and 
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characterized by 1H NMR (see Appendix 3). From there we applied the in situ oxidative conditions going 





Figure 4.6: A) Isolation of the [C1CuI(CH3CN)](PF6) and [C4H1CuI(CH3CN)2](PF6) complexes and B) X-
ray crystal structures. 
 
4.2.2 Mechanistic Proposal for Benzoxazine C-O Bond Formation  
 In the previous chapters, a mononuclear CuII(OOH) intermediate was proposed as the overall 
active species responsible for the hydroxylation of the sp2 and sp3 systems. In this case, the proposed 
reaction pathway is vastly different, Figure 4.7. Within the in situ reaction, the CuII is coordinated to the two 
nitrogen donors within the backbone, as well as to the newly incorporated hydroxy molecule. When NEt3 is 
introduced to the reaction in excess (Figure 4.7 steps A to B), we propose it deprotonates a hydrogen from 
the bridging CH2 to form a 2-azaallyl anion (species B) that will undergo a 1e- oxidation to generate a 2-
azaallyl radical species (species C) before the imine isomerizes and the C-O bond forms. In this section we 





Figure 4.7. Mechanistic proposal for the 2H-1,3-benzoxazine C-O bond formation. 
 
 The first set of conditions explored were the effects of oxygen within the system. The oxidation of 
PL1 within inert conditions decreased yield from 65% to 25%, hinting that the first step to form the 2-azaallyl 
anion did not require O2. When 2 equiv. of CuII were used, the yields increased to 66% indicating that CuI 
might be acting as a 1e- oxidant and that Cu/O2 intermediates are not formed. Since we proposed a 1e- 
oxidation process,1 equiv. of AgNO3 (a known 1e- source) was added which produced the desired C1 in 
excellent yield (72%). Due to the increase in the C1 product from the addition of 1 equiv. AgNO3, the 
conditions were changed to using catalytic amounts of CuII (0.1 equiv.) with AgNO3 (yield = 25%). The 
conditions were changed to 0.01 equiv. CuII and 5 equiv. of AgNO3 and C1 yielded 40%. However, the best 
catalytic conditions were 0.1 equiv. CuII with 2.5 equiv. AgNO3 to yield 54% with an overall mass balance 








 The formation of a 2-azaallyl intermediate was supported by forming PL10-b synthesized from the 
commercially available 2-[(1R)-1-aminoethyl]-phenol and applying the oxidation conditions, Figure 4.8. 
Comparing the substrate-ligands of PL10 and PL10-b, the systems produced identical cyclization products. 
We propose the oxidation of the systems both generate the 2-aazallyl radical intermediate that undergoes 
intramolecular C-O bond formation to form the same product.127 From there, the azaallyl radical 
intermediate (species D), forms C-O bond with O while the CuII center undergoes reduction and then 





Figure 4.8. Cyclization of PL10 and PL10-b to form C10. 
 
4.3 Conclusions  
 Thorough investigation of the mechanism by which CuII and NEt3 form 2H-1,3-benzoxazine-
derivatives, we found that when CuII is bound to the substrate-ligand and upon introduction of NEt3, no 
Cu/O2 intermediates were formed or responsible for the overall reaction. Instead, we propose that the 
responsible intermediates are the 2-azaallyl anion and the 2-azaallyl radicals. The 2-azaallyl radical 
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rebounds to form a C-O bond with the adjacent alcohol to form the benzoxazine-derivative. Under catalytic 
conditions, the cycle may be released, and a product-ligand can be re-introduced to Cu to start the cycle 
over again. Due to the 1 e- process, the system was put under catalytic conditions with the addition of 
excess AgNO3. Under inert conditions, the best reaction yielded 72% of C1.  To examine the validity of the 
reaction on a gram scale, we reacted 1 gram of L1 using CuII(NO3)2 * 3H2O (1 equiv.), Me4NOH *5H2O (1 
equiv.), and H2O2 (5 equiv.) for 30 mins and then added NEt3 (5 equiv.). After 30 mins the reaction was 
quenched with Na4EDTA (pH = 11)/EtOAc and isolated under vacuum to afford two different cycle products. 
Depending on the workup (basic alumina column without EDTA workup vs. overnight Na4EDTAsat., 1H-NMR 
showed that the C1 was obtained with a basic alumina column and its isomer C4H1 was isolated by 





Figure 4.9. One-pot synthesis of hydroxylation to cyclization using CuII(NO3)2 * 3H2O, Me4NOH *5H2O, 




4.4 Future  
 The directing group for this organic transformation is limited to using 2-picolylamine with a vast 
array of substrates. Due to the interchangeable ligand synthesis, examining different directing groups and 
examining their products are underway. We have started to investigate the need for a nitrogen on the 
pyridine as well as lengthening the backbone and changing to alkyl amines. This will broaden the scope of 









 The previous chapters focused on utilizing the same imino-pyridine directing group for the 
hydroxylation of organic compounds and oxidation of our cyclic systems with an understanding of the 
reaction pathway and intermediates formed. This chapter will now expand the scope of the directing group 
into the possibility of having an enantioselective directing group as well as understanding the imine vs 
amine directing capabilities and product formation, see Scheme 5.1 for reaction pathways of derivatives 
formed from the optimized system. 
 Enantioselective C-H bond activation is limited to using late transition metals like palladium, 
rhodium, and iridium.128 The downside of using these efficient metals is the cost and toxicity when compared 
to first-row transition metals. Incorporating this type of selectivity would add more to the molecular synthesis 
of pharmaceutical compounds, bioactive materials, and material sciences.129 Current efforts are using the 
sp2 systems explored due to the understanding of their reactivity and product formation however, expansion 
into sp3 systems containing hydrogens with selectivity is the overall goal of this project (i.e., using 2-methyl-
1-tetralone and forming 2-hydroxy-2-metyl-1-tetralone at the β position to form a racemic hydroxyl mixture 
or enantio pure mixture).130   
 Enantioselective C-H activation with copper is scarce even though copper is an affordable and 
robust transition metal.131-133 One notable contribution is from Ohmiya and Sawamura where catalytic 
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amounts of CuI and a naphthol-substituted NHC ligand achieved excellent regioselectivity and 
enantiocontrol of their quaternary carbon centers for azoles, allyl phosphates, and oxazoles.134, 135 A site 
selective approach using a chiral directing group is from the Yu lab where they used (pyridine-2-yl) ethan1-
amine as the chiral DG to afford hydroxylated triterpenoids in excellent yield.129  
 Pulling inspiration from our 2-picolylamine DG and chiral DG’s, our lab has decided to focus on 
using 1-(2-pyridyl)ethylamine dihydrochloride and phenyl(pyridine-2-yl)methanamine hydrochloride as our 
chiral systems and forming imines initially with benzophenone and 2-hydroxy benzophenone, Table 5.1. 
From there the oxidative conditions were used on the systems to understand their reactivity towards 
hydroxylation and cyclization of these systems. 
   
 












Figure 5.1: Optimized ligand (L1) and L1-derived ligands explored in developing the new synthetic road 
map. 
 
 The other approach being explored is fully hydrogenating the system for it to become less rigid and 
more flexible through reductive amination using sodium borohydride (LH and LH(OH)).  Reducing imines is 
very common and methods are abundant in literature.136, 137 Providing different synthetic routes for 
hydroxylation as well as cyclization will make this method more viable and give synthetic chemists more of 
a tool box for complex total synthesis reactions that have otherwise been hard to achieve. From there, the 
synthetic route has decided to turn to using different starting materials. We began these projects using 
ketones and amines to form simple imines, however we started to develop the isomers of our system by 
using amines and aldehydes (cheaper reagents). From there, we are studying the reactivity of the imines 
with copper under mild oxidative reaction conditions. 
 
5.2 Results and Discussion 
5.2.1 Formation of Ligands and Isolation of Copper Complexes 
 We started the chiral amine formation by first deprotecting the amines with 1M NaOH and then 
immediately using the amine in a 1:2.1 ratio with benzophenone. We chose benzophenone due to its 
symmetry and non-formation of isomers and then branched into the asymmetric system of 2-
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hydroxybenophenone with our chiral ligands (LMe, LPh. LMe(OH), LPh(OH)). Once the systems were 
obtained, we branched out into forming the hydrogenated systems of LH and LH18 and the isomer of L1 
(L2). After the substrate ligands were confirmed by 1H NMR, the systems were coordinated to either CuI or 
CuII in order to understand their orientation, Figure 5.3. Close examination of the LMeCuII complex shows 
that second hydroxylation of the system is not favored (Cu-Coxid bond length exceeds 3.5 Å), however, 
cyclization is possible with the CuII coordination to the N-N-O of the ligand-scaffold. The other systems 
crystallized showed how the N-Cu-N-Coxid are slightly out of plane as well as the distance of the Cu-Coxid 
are close but could display a decrease in product formation and even form different hydroxylated products 







Figure 5.3. Formation of copper complexes and x-ray crystallography analysis. 
 
5.2.2 Results of in situ Oxidation using CuI/H2O2 and Cyclization using CuII/NEt3 
 We performed the Cu/O2 chemistry on the ligands as well as the Cu/NEt3 methodology on LMe(OH), 
LPh(OH). The only system to produce quantifiable hydroxylated product was the LH system. Instead of 
producing a hydroxy-amine product, the system product 2-hydroxybenzophenone and PL16 in excellent 
yields, Table 6.1. The remaining systems only afforded their starting material from ligand synthesis or 
recovered non-identifiable products in the NMRs. Exploring the LMe(OH) and LH(OH) with the CuII/base 
conditions, the respective cycle products were not formed but instead the systems recovered only their 
starting materials (2-hydroxybenzophenone and product-ligands), Table 6.2. This could be due to the 
coordination of the N-N-Cu-O bond placing the systems out of plane or that these systems do not allow the 
70 
 
formation of the azaallyl intermediates.  The remaining systems (L2, LPh(OH), and LH(OH)) have yet to be 
fully explored and characterized under these conditions. L2 is currently being investigated to understand 














 In summary, the new systems are currently under investigation. We were able to form the ligands 
from our interchangeable ligand synthesis as well as begin to characterize these systems by X-ray 
crystallography. From there, the optimized hydroxylation and cyclization methodologies were employed. 
Many of the systems only recovered their starting materials, however, LH produced 2-
hydroxybenzophenone and PL16 in remarkable yields, Scheme 5.1. The future of this project is to increase 
our knowledge on the different types of systems and the products they can afford especially when we 










Conclusion and Future Perspectives 
 
 
6.1 Summary of Projects 
 Since the 90’s, scientist have studied the reactivity of several different biomimetic copper 
monooxygenase systems developed from copper-dependent metalloenzymes, for instance, peptidylglycine 
α-hydroxylating monooxygenase (PHM), dopamine β-monooxygenase (DβM), lytic polysaccharide 
monooxygenase (LPMO), and particulate methane monooxygenase (pMMO). These systems use Cu and 
oxygen (or it’s reduced form H2O2) to transform organic substrates with high selectivity under mild reactive 
conditions. When copper reacts it can form several different Cu/O2 intermediates as we saw in Chapter 1 
section 4, Figure 1.3, but the basis of this thesis was the study of the reactivity in forming a LCuII(OOH) 
intermediate species that was deduced from an extensive mechanistic investigation on sp2 and sp3 C-H 
bonds.  
 Previously the mechanism for sp3 C-H bonds was solely based on observance of yield (never 
reaching over the 50% threshold. From 2003 to 2015, Schӧnecker and Baran proposed a dinuclear-copper 
adduct responsible for the oxidation of the carbon bond. They proposed that when the CuI-complex was 
introduced to O2, the dinuclear Cu2O2 species forms the overall products and undergoes the oxygen 
rebound mechanism, Figure 6.1 A.32-35 From our extensive experimentation, we were able to show that 
under our mild reaction conditions when Cu and O2 (or H2O2) are introduced to sp3 C-H bonds like steroids 
or camphor, the complex forms LCuII-OOH intermediate that undergoes a newly proposed homolytic O-O 
bond cleavage that goes into the oxygen rebound mechanism, Figure 6.1 B (top). When Cu and O2 are 
reacted with sp2 C-H bonds, the reactive pathway is slightly different. Within the sp2 C-H bond systems, the 
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Cu/OOH core undergoes heterolytic O-O bond cleavage with concomitant C-O bond formation through a 





Figure 6.1. A) Mechanism previous proposed by Schӧnecker and Baran. B) New mechanistic proposal 
for sp3 C-H bonds (top) and sp2 C-H bonds (bottom). 
 
From there, we were able to optimize the reaction conditions for the sp3 conditions to using CuII(NO3)2 
*3H2O (1.1 equiv.), H2O2 (5 equiv.), and THF for 90 mins which eliminated the use of reducing agent 
(previously used ascorbate).35 With the extensive break down of the sp2 mechanism, we were also able to 
change the conditions to using CuII(NO3)2 *3H2O (1 equiv.), H2O2 (5 equiv.), Me4NOH *5H2O (1 equiv.), and 
acetone which allowed for in situ and bench top reactions. Due to our heavy investigation into both 
mechanisms, total synthesis chemists have begun to use our strategy for the employment of hydroxyl 
groups within their molecules.62, 63, 138  
 During the optimization of the sp2 C-H bond substrates, we noticed new peaks in the 1H-NMR and 
through optimization of the conditions, we formed and isolated 2H-1,3-benzoxazine derivatives. These 
unique N,O containing heterocycles are prevalent in pharmaceutical agents113 (such as potassium channel 
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regulators;114, 115 LDL and HDL drugs116), bioactive molecules,117-120 and natural products. Since there are 
not many synthetic methods to forming these unique cycles, we explored our optimized sp2 product-ligands 
and expanded the library of cycles we can form under our conditions. We also turned our efforts into 
understanding how Cu and NEt3 form these cyclization products. From our extensive investigation into this 
mechanism, we noticed that there were no Cu/O2 intermediates involved in the overall chemical 
transformation but instead the 2-azaallyl anion and 2-azaallyl radical intermediates were responsible for the 
overall cycle formation. Under stoichiometric amounts of Cu and NEt3 we were able to yield 65% of C1, 
however, we noticed the isolated product-ligand to cycle transformation may undergo catalytic conditions 
(0.1 equiv. CuII, 5 equiv. NEt3, 2.5 equiv. AgNO3) and achieve the same yield, but better mass balance for 
the reaction. 
 Finally, we decided to turn our efforts into expanding the directing group and substrate scope of 
the Cu/O2 C-H bond hydroxylation. Employing chiral directing groups to add to the enantioselectivity of our 
reactions is an ongoing project as well as hydrogenating the 2-picolylamine directing group and studying 
the reactivity of this system. The overall goal of our project now is to build a library and a road map of 
systems and universal procedures to understand not only the Cu/O2 chemistry but also the imine vs. amine 
reactivity.  
6.2 Outlooks 
 Future prospective for this project can be turned toward examining other directing groups, Figure 
6.2. With the optimized 2-picolylamine systems we have deduced that a mononuclear Cu-oxygen 
intermediate is responsible for hydroxylation, however these other systems have the potential to form 
different Cu/O2 intermediates. Expanding the substrates to blocking the ortho position on an asymmetric 
benzophenone will also build upon the selectivity of the system as well as placing a substitute at the meta 








Figure 6.2. Different directing groups being explored. 
 
Another idea is to turn towards intermolecular oxidations using phenols and form C-O bond on the bridging 
CH2 carbon instead of intramolecularly forming C-O bonds. The idea behind this is to add excess phenol 
and NEt3 to the ligand instead of performing oxidation on the isolated system. These ongoing projects will 





Figure 6.3. A) ortho substituted ligands and B) meta substituted ligands for hydroxylation. C) Phenol 




Appendix 1  
 
Supporting Information for Decoding the Mechanism of Intramolecular Cu-Directed Hydroxylation of sp3 
C-H Bonds 
 
1. Physical methods and materials 
Reagents: All reagents and solvents were purchased at the highest level of purity and used as received 
except as noted. All substrate-containing ligands were synthesized as previously reported.35, 139, 140  
Solvents were purified and dried by passing through an activated alumina purification system (INERT Pure 
Solv) or by conventional distillation techniques.  
Glovebox: synthesis of copper(I) and copper(II) complexes was carried out under anaerobic conditions in 
an Inert I-LAB Glovebox system.   
UV-vis measurements were carried out by using a Hewlett Packard 8454 diode array spectrophotometer 
with a 10 mm path quartz cell. The spectrometer was equipped with HP Chemstation software and a 
Unisoku cryostat for low temperature experiments.  
NMR spectra were recorded in 7 inch, 5 mm o.d. NMR tubes on a JEOL 500 MHz spectrometer in the 
Department of Chemistry at Southern Methodist University.  
GC analyses were performed on a Thermo Fisher TRACE 1300 (Chirasil-DEX column, 25 m). The products 
were identified by comparison of their GC retention times with commercial samples. 
ESI-MS spectrometry was performed at the Shimadzu Center for Advanced Analytical Chemistry at the 
University of Texas, Arlington. ESI-MS spectra of the reaction intermediates generated “in situ” were 
acquired using a Finnigan LCQ Duo ion-trap mass spectrometer equipped with an electrospray ionization 
source (Thermo Finnigan, San Jose, CA). 
Elemental analysis was performed by the ALS Group USA, Corp. dba ALS Environmental (Tucson, 
Arizona). Single Crystal X-ray Crystallography: All reflection intensities were measured at 110(2) K using a 
SuperNova diffractometer (equipped with Atlas detector) with Cu Kα radiation (λ = 1.54178 Å) under the 
program CrysAlisPro (Versions 1.171.36.32 or 1.171.38.43 Agilent Technologies, 2013, Rigaku OD, 2015). 
The same program was used to refine the cell dimensions and for data reduction. The structure was solved 
with the program SHELXS-2014/7 (Sheldrick, 2015) and was refined on F2 with SHELXL-2014/7 (Sheldrick, 
2015). Analytical numeric absorption correction using a multifaceted crystal model was applied using 
CrysAlisPro. The temperature of the data collection was controlled using the system Cryojet (manufactured 
by Oxford Instruments).  The H atoms were placed at calculated positions (unless otherwise specified) 
using the instructions AFIX 13, AFIX 23, AFIX 43, AFIX 123 or AFIX 137 with isotropic displacement 
parameters having values 1.2 or 1.5 Ueq of the attached C atoms. For [(S1)CuII(H2O)2(CF3SO3)](CF3SO3), 
the H atoms attached to O1W and O2W (coordinated water molecules) were found from difference Fourier 






2. Copper complex syntheses.  
2.1 Synthesis of [(S1)CuI(CH3CN)](PF6). 




Figure A1.1. Displacement ellipsoid plot (50% probability level) of complex [(S1)CuI(CH3CN)](PF6) at 
110(2)K. The hydrogen atoms are not depicted for clarity. 
 
Table A1.1. Selected distances (Å) and angles (º) given for the complex [(S1)CuI(CH3CN)](PF6).  











Table A1.2. Experimental details for [(S1)CuI(CH3CN)](PF6). 
 S1-CuI 
Crystal data 
Chemical formula C18H25CuN3·F6P 
Mr 491.92 
Crystal system, space 
group 
Monoclinic, P21 
Temperature (K) 110 
a, b, c (Å) 11.5380 (4), 7.1373 (3), 13.3704 (5) 
 (°) 105.677 (4) 
V (Å3) 1060.10 (7) 
Z 2 
Radiation type Cu K  
 (mm-1) 2.73 
Crystal size (mm) 0.21 × 0.14 × 0.03 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Analytical CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-
2013 CrysAlis171 .NET) (compiled Aug 2 2013,16:46:58) Analytical numeric 
absorption correction using a multifaceted crystal  model based on expressions 
derived by R.C. Clark & J.S. Reid. (Clark, R. C. & Reid, J. S. (1995). Acta Cryst. 
A51, 887-897) 
 Tmin, Tmax 0.704, 0.939 
No. of measured, 
independent and 
 observed [I > 2 (I)] 
reflections 
6911, 3569, 3302   
Rint 0.019 
(sin / )max (Å-1) 0.616 
 
Refinement 
R[F2 > 2 (F2)], wR(F2), 
S 
0.035, 0.097, 1.07 
No. of reflections 3569 
No. of parameters 267 
No. of restraints 1 
H-atom treatment H-atom parameters constrained 
max, min (e Å-3) 0.51, -0.40 







Computer programs: CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-2013 
CrysAlis171 .NET) (compiled Aug  2 2013, 16:46:58), SHELXS2014/7 (Sheldrick, 2015), SHELXL2014/7 
(Sheldrick, 2015), SHELXTL v6.10 (Sheldrick, 2008). 
 
Additional notes: 
1. The checkCIF report suggests a potential missed pseudo center of symmetry, and the space group P21/m 
rather than P21.  This space group is unlikely as the Cu complex does not have the mirror symmetry, and 
thus will constrain the Cu complex to be disordered in P21/m. 
 
2. In P21, the structure is well ordered.  More importantly, the Flack parameter refines to a value of -0.02(4), 
which suggests that the absolute configuration has been established by anomalous-dispersion effects in 
diffraction measurements on the crystal.  If the solution in P21/m was true, this value will refine to ca. 0.5. 
 
3. The analysis of variance for reflections employed in refinement shows normal values (i.e., close to 1) for 






















2.2 Synthesis of [(S1)2CuI](PF6). 
Scheme A1.2. Synthesis of [(S1)2CuI](PF6). 
 
 
Figure A1.2. Displacement ellipsoid plot (50% probability level) of complex [(S1)2CuI](PF6) at 110(2)K. 
Only of the two crystallographically independent formula units is shown for clarity. The hydrogen atoms, 
disorder and lattice solvent molecules are not depicted for clarity.  
 
Table A1.3. Selected distances (Å) and angles (º) given for the complex [(S1)2CuI](PF6).  












Table A1.4. Experimental details for the complex [(S1)2CuI](PF6). 
 S12-CuI 
Crystal data 
Chemical formula 2(C32H44CuN4)·2(F6P)·C4H10O 
Mr 1460.56 
Crystal system, space 
group 
Monoclinic, P21 
Temperature (K) 110 
a, b, c (Å) 16.6953 (2), 9.71833 (14), 24.2042 (4) 
 (°) 107.5219 (15) 
V (Å3) 3744.93 (10) 
Z 2 
Radiation type Cu K  
 (mm-1) 1.74 
Crystal size (mm) 0.45 × 0.21 × 0.07 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Analytical CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-
2013 CrysAlis171 .NET) (compiled Aug  2 2013,16:46:58) Analytical numeric 
absorption correction using a multifaceted crystal  model based on expressions 
derived by R.C. Clark & J.S. Reid. (Clark, R. C. & Reid, J. S. (1995). Acta Cryst. A51, 
887-897) 
 Tmin, Tmax 0.624, 0.903 
No. of measured, 
independent and 
 observed [I > 2 (I)] 
reflections 
23883, 12437, 11068   
Rint 0.021 
(sin / )max (Å-1) 0.616 
 
Refinement 
R[F2 > 2 (F2)], wR(F2), 
S 
0.040,  0.108,  1.03 
No. of reflections 12437 
No. of parameters 1149 
No. of restraints 2854 
H-atom treatment H-atom parameters constrained 
max, min (e Å-3) 0.42, -0.28 
Absolute structure Flack x determined using 3706 quotients [(I+)-(I-)]/[(I+)+(I-)]  (Parsons, Flack and 







Computer programs: CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-2013 
CrysAlis171 .NET) (compiled Aug  2 2013, 16:46:58), SHELXS2014/7 (Sheldrick, 2015), SHELXL2014/7 




1. The asymmetric unit contains two Cu(I) complexes, two PF6− counterions, and two lattice Et2O solvent 
molecules.  The two Cu(I) complexes and one PF6− counterions are disordered over two orientations, and 
the occupancy factors of the major components refine to 0.536(10), 0.647(10) and 0.729(8), respectively. 
 
2. One of the two lattice solvent molecules is ordered, whereas the other one is found to be very disordered, 
and its contribution was removed from the final refinement via the Squeeze procedure (Spek, 2009). 
 
3. The absolute structure configuration was established by anomalous-dispersion effects in diffraction 























2.3 Synthesis of [(S1)CuII(H2O)2(CF3SO3)](CF3SO3). 
Scheme A1.3. Synthesis of [(S1)CuII(H2O)2(CF3SO3)](CF3SO3). 
 
 
Figure A1.3. Displacement ellipsoid plot (50% probability level) of complex 
[(S1)CuII(H2O)2(CF3SO3)](CF3SO3) at 110(2)K. The H atoms, and the disorder are not depicted for clarity. 
 
Table A1.5.  Selected distances (Å) and angles (º) given for the complex 
[(S1)CuII(H2O)2(CF3SO3)](CF3SO3).  














Table A1.6.  Experimental for the complex [(S1)CuII(H2O)2(CF3SO3)](CF3SO3). 
 S1-CuII 
Crystal data 
Chemical formula C17H26CuF3N2O5S·CF3O3S 
Mr 640.07 
Crystal system, space 
group 
Triclinic, P-1 
Temperature (K) 110 
a, b, c (Å) 7.7369 (4), 12.5096 (6), 13.5497 (5) 
, ,  (°) 100.056 (3), 95.648 (4), 100.226 (4) 
V (Å3) 1259.37 (10) 
Z 2 
Radiation type Cu K  
 (mm-1) 3.62 
Crystal size (mm) 0.09 × 0.08 × 0.04 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Analytical CrysAlis PRO 1.171.38.43 (Rigaku Oxford Diffraction, 2015) Analytical 
numeric absorption correction using a multifaceted crystal model based on 
expressions derived by R.C. Clark & J.S. Reid. (Clark, R. C. & Reid, J. S. (1995). 
Acta Cryst. A51, 887-897) Empirical absorption correction using spherical harmonics,  
implemented in SCALE3 ABSPACK scaling algorithm. 
 Tmin, Tmax 0.781, 0.893 
No. of measured, 
independent and 
 observed [I > 2 (I)] 
reflections 
144115, 5155, 3635   
Rint 0.0413 
(sin / )max (Å-1) 0.616 
 
Refinement 
R[F2 > 2 (F2)], wR(F2), 
S 
0.053,  0.129,  0.99 
No. of reflections 5155 
No. of parameters 435 
No. of restraints 355 
H-atom treatment H atoms treated by a mixture of independent and constrained refinement 
max, min (e Å-3) 0.49, -0.58 
 
Computer programs: CrysAlis PRO 1.171.38.43 (Rigaku OD, 2015), SHELXS2014/7 (Sheldrick, 2015), 






1. The fragment C7→C16 is disordered over two orientations, and the occupancy factor of the major 
component of the disorder refines to 0.527(7). 
2. The crystal that was mounted on the diffractometer was not a single crystal but rather a composite of two 
different fragments related by a rotation of ca. 9 along the reciprocal axis -0.4153a* + 0.1010b* + 0.9041c*.  


























2.4 Synthesis of [(S1)2CuII](CF3SO3)2. 




Figure A1.4. Displacement ellipsoid plot (50% probability level) of complex [(S1)2CuII](CF3SO3)2 at 
110(2)K. Only of the four crystallographically independent formula units is shown for clarity. The hydrogen 
atoms and the disorder are not depicted for clarity. 
 
Table A1.7.  Selected distances (Å) and angles (º) given for the complex [(S1)2CuII](CF3SO3)2 












Table A1.8. Experimental details for for the complex [(S1)2CuII](CF3SO3).  
 S12-CuII 
Crystal data 
Chemical formula C32H44CuN4·2(CF3O3S) 
Mr 846.39 
Crystal system, space 
group 
Orthorhombic, P212121 
Temperature (K) 110 
a, b, c (Å) 19.6337 (3), 19.6356 (3), 42.0168 (7) 
V (Å3) 16198.3 (4) 
Z 16 
Radiation type Cu K  
 (mm-1) 2.37 
Crystal size (mm) 0.25 × 0.13 × 0.12 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Analytical CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-
2013 CrysAlis171 .NET) (compiled Aug  2 2013,16:46:58) Analytical numeric 
absorption correction using a multifaceted crystal model based on expressions 
derived by R.C. Clark & J.S. Reid. (Clark, R. C. & Reid, J. S. (1995). Acta Cryst. A51, 
887-897) 
 Tmin, Tmax 0.670, 0.815 
No. of measured, 
independent and 
 observed [I > 2 (I)] 
reflections 
106746, 31415, 27178   
Rint 0.035 
(sin / )max (Å-1) 0.616 
 
Refinement 
R[F2 > 2 (F2)], wR(F2), 
S 
0.054,  0.156,  1.05 
No. of reflections 31415 
No. of parameters 2839 
No. of restraints 10187 
H-atom treatment H-atom parameters constrained 
max, min (e Å-3) 0.47, -0.41 
Absolute structure Flack x determined using 10020 quotients [(I+)-(I-)]/[(I+)+(I-)]  (Parsons, Flack and 







Computer programs: CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-2013 
CrysAlis171 .NET) (compiled Aug  2 2013, 16:46:58), SHELXS2014/7 (Sheldrick, 2015), SHELXL2014/7 
(Sheldrick, 2015), SHELXTL v6.10 (Sheldrick, 2008). 
 
Additional notes: 
1. The structure is commensurately modulated with Z’ = 4 and with pseudo translation of c/4. 
 
2. The crystal is pseudomerohedrally twinned.   The twin relationship corresponds to a twofold axis along 
[1 1 0], and the twin relationship is given by the matrix (0 1 0 / 1 0 0 / 0 0 -1). The BASF scale factor refines 
to 0.508(2). 
 
3. The structure is significantly disordered as all crystallographically independent Cu complexes and triflate 
counterions are disordered over 2 or 3 orientations.  All occupancy factors can be retrieved from the .cif 
file.   
 
4. The absolute configuration was established by anomalous-dispersion effects in diffraction measurements 
on the crystal, and the Flack parameter refines to -0.006(5). 
 
5. The structure contains some small amount of partially occupied/disordered lattice acetone solvent 




2.5 Synthesis of [(S2)CuI(CH3CN)](PF6). 











2.6 Synthesis of [(S2)2CuI](PF6). 




Figure A1.5. Displacement ellipsoid plot (50% probability level) of complex [(S2)2CuI](PF6) at 110(2)K. 
Only of the two crystallographically independent formula units is shown for clarity. The H atoms, the 
disorder and the lattice solvent molecules are not depicted for clarity. 
 
Table A1.9.  Selected distances (Å) and angles (º) given for the complex [(S2)2CuI](PF6).  














Table A1.10. Experimental details for the complex [(S2)2CuI](PF6).  
 S22-CuI 
Crystal data 
Chemical formula C50H68CuN4O2·F6P·0.852(C3H6O) 
Mr 1015.10 
Crystal system, space 
group 
Monoclinic, P21 
Temperature (K) 110 
a, b, c (Å) 12.91725 (10), 17.87891 (15), 22.3041 (2) 
 (°) 102.6341 (8) 
V (Å3) 5026.32 (7) 
Z 4 
Radiation type Cu K  
 (mm-1) 1.49 
Crystal size (mm) 0.36 × 0.30 × 0.22 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Analytical CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-
2013 CrysAlis171 .NET) (compiled Aug  2 2013,16:46:58) Analytical numeric 
absorption correction using a multifaceted crystal model based on expressions 
derived by R.C. Clark & J.S. Reid. (Clark, R. C. & Reid, J. S. (1995). Acta Cryst. A51, 
887-897) 
 Tmin, Tmax 0.653, 0.766 
No. of measured, 
independent and 
 observed [I > 2 (I)] 
reflections 
61782, 19559, 18754   
Rint 0.030 
(sin / )max (Å-1) 0.616 
 
Refinement 
R[F2 > 2 (F2)], wR(F2), 
S 
0.036,  0.098,  1.03 
No. of reflections 19559 
No. of parameters 1320 
No. of restraints 464 
H-atom treatment H-atom parameters constrained 
max, min (e Å-3) 0.64, -0.34 
Absolute structure Flack x determined using 8502 quotients [(I+)-(I-)]/[(I+)+(I-)]  (Parsons, Flack and 







Computer programs: CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-2013 
CrysAlis171 .NET) (compiled Aug 2 2013, 16:46:58), SHELXS2014/7 (Sheldrick, 2015), SHELXL2014/7 
(Sheldrick, 2015), SHELXTL v6.10 (Sheldrick, 2008). 
 
Additional notes: 
1. The asymmetric unit contains two crystallographically independent molecules of the target compound, 
two PF6− counterions, and two partially occupied acetone lattice solvent molecules. 
 
2. The fragment C40A-C41A(O2A)-C42A and one of the two PF6− counterions are disordered over two 
orientations, and the occupancy factors of the major components refine to 0.783(8) and 0.797(5), 
respectively. 
 
3. One of the two lattice solvent molecule is ordered and the occupancy factor refines to 0.851(6).  The 
other solvent molecule is disordered over two orientations, and the two occupancy factors refine to 
0.579(12) and 0.274(12).  
 
4. The absolute configuration was established by anomalous-dispersion effects in diffraction measurements 
on the crystal, and the Flack and Hooft parameters refine to -0.011(5) and -0.014(4), respectively. 
 
2.7 Synthesis of [(S2)CuII(H2O)2(CF3SO3)](CFsSO3). 
Scheme A1.7. Synthesis of [(S2)CuII(H2O)2(CF3SO3)](CFsSO3). 
 
 
2.8 Synthesis of [(S2)2CuII](CFsSO3)2. 





2.9 Synthesis of [(S3-Me)CuI(CH3CN)](PF6). 




Figure A1.6. Displacement ellipsoid plot (50% probability level) of complex [(S3-Me)CuI(CH3CN)](PF6) at 
110(2)K. The H atoms are not depicted for clarity. 
 
Table A1.11.  Selected distances (Å) and angles (º) given for the complex [(S3-
Me)CuI(CH3CN)](PF6). 











Table A1.12. Experimental details for the complex [(S3-Me)CuI(CH3CN)](PF6). 
 S3-Me-CuI 
Crystal data 
Chemical formula C28H41CuN3O·F6P·C4H10O 
Mr 718.26 
Crystal system, space 
group 
Orthorhombic, P212121 
Temperature (K) 110 
a, b, c (Å) 6.82057 (13), 11.84181 (17), 43.3692 (7) 
V (Å3) 3502.84 (10) 
Z 4 
Radiation type Cu K  
 (mm-1) 1.87 
Crystal size (mm) 0.40 × 0.25 × 0.04 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Analytical CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-
08-2013 CrysAlis171 .NET) (compiled Aug  2 2013,16:46:58) Analytical numeric 
absorption correction using a multifaceted crystal  model based on expressions 
derived by R.C. Clark & J.S. Reid. (Clark, R. C. & Reid, J. S. (1995). Acta Cryst. 
A51, 887-897) 
 Tmin, Tmax 0.635, 0.939 
No. of measured, 
independent and 
 observed [I > 2 (I)] 
reflections 
24661, 6848, 6460   
Rint 0.036 
(sin / )max (Å-1) 0.616 
 
Refinement 
R[F2 > 2 (F2)], wR(F2), 
S 
0.039,  0.106,  1.04 
No. of reflections 6848 
No. of parameters 413 
H-atom treatment H-atom parameters constrained 
max, min (e Å-3) 0.51, -0.30 
Absolute structure Flack x determined using 2550 quotients [(I+)-(I-)]/[(I+)+(I-)]  (Parsons, Flack and 





Computer programs: CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-2013 
CrysAlis171 .NET) (compiled Aug  2 2013, 16:46:58), SHELXS2014/7 (Sheldrick, 2015), SHELXL2014/7 





The absolute configuration was established by anomalous-dispersion effects in diffraction measurements 
on the crystal.  The Flack and Hooft parameters refine to -0.015(11) and -0.0022(12) respectively. 
 
 
2.10 Synthesis of [(S3-Me)2CuI](PF6). 






2.11 Synthesis of [(S3b)CuII(H2O)2(CF3SO3)](CF3SO3). 







2.12 Synthesis of [(S3b)2CuII](CF3SO3)2. 





2.13 Synthesis of [(S3)CuI(CH3CN)](PF6). 














3. Oxidation of copper complexes under different conditions. Quantification of reaction products.  
3.1 Quantification of products obtained in the oxidation of S1-derived copper complexes under 
different conditions.  
Scheme A1.14. Oxidation of S1-derived copper complexes under different conditions 
 
 
Standard procedure for oxidation of copper complexes with O2: In the glovebox, 4 mL of an acetone solution 
containing 8 mg of [(S1)CuI(CH3CN)]+ (4 mM, 0.016 mmols) were added to a 10 mL vial equipped with a 
stir bar and capped with a rubber septum. Outside the glovebox, dry dioxygen was bubbled through the 
solution for 10 seconds (note: if the oxidation was not carried out at room temperature, the vial was placed 
in an oil bath (50 ºC) or ice bath (0 ºC) for 5 minutes before injection of O2). After 6h, 3 mL of an aqueous 
solution containing Na4EDTA (pH = 11) was added to quench the reaction. The acetone/H2O mixture was 
extracted with Et2OAc (3 mL x 3) and the resulting organic fractions were dried with MgSO4. After filtration, 
the organic phase was dried under vacuum. The resulting organic product was dissolved in 0.65 mL of 
CDCl3 containing 2.3L of styrene (internal standard, 0.02 mmols). The reaction products were quantified 
by 1H-NMR comparing the integration of the signals corresponding to the starting material (S1) and reaction 
products (S1-OH) with the integration of the signals corresponding to the internal standard (see above). All 
the results are summarized in Table A1.13.    
 
1H-NMR (CDCl3) S1: 4.60 (m, 2H, NCH2Py), 2.45 (m, 2H, CH2).   
1H-NMR (CDCl3) S1-OH: 4.07 (d, 1H, CH2OH), 3.65 (d, 1H, CH2OH), 2.55 (m, 2H, CH2).   
 
Standard procedure for oxidation of copper complexes with H2O2: the oxidation of [(S1)CuI(CH3CN)]+ with 
H2O2 was carried out following a similar procedure to the one described above. Instead of bubbling O2 
through the solution, the desired amount of H2O2 35% was added using a syringe. The reaction was 
quenched after 30 min by adding 3 mL of an aqueous solution containing Na4EDTA (pH = 11). Products 
isolation and quantification was done following the methodology described above.  
Similar procedures were followed for the oxidation of the different S1-derived copper complexes, with the 
different solvents and with the different conditions (i.e., addition of 1 equiv. of CuI or NaAsc). All the results 








Table A1.13. Yields obtained in the oxidation of S1-derived copper complexes under different 
conditions.    





1 S1-CuI O2 0 ºC 85 14 99 
2 S1-CuI O2 20 ºC 45 25 77 
3 S1-CuI O2 50 ºC 15 43 76 
4 S1-CuI O2 20 ºC in CH3CN 99 0 99 
5 S1-CuI O2 20 ºC in CH2Cl2 70 19 96 
6 S1-CuI O2 20 ºC in Acetone/MeOH 60 25 95 
7 S1-CuI O2 20 ºC +1 equiv. CuI 15 35 60 
8 S1-CuI O2 20 ºC +1 equiv. Asc- 41 28 73 
9 S1-CuI H2O2, 5 mM 20 ºC, 30 min 46 40 89 
10 S1-CuI H2O2, 10 mM 20 ºC, 30 min 37 42 82 
11 S1-CuI H2O2, 15 mM 20 ºC, 30 min 17 53 78 
12 S1-CuI H2O2, 20 mM 20 ºC, 30 min 0 49 82 
13 S12-CuI O2 20 ºC 113* 0 57 
14 S12-CuI O2 50 ºC 82* 27 60 
15 S12-CuI O2 20 ºC + 1 equiv. CuI 82* 37 51 
16 S12-CuI H2O2, 20 mM 20 ºC, 30 min 73* 42 58 
17 S1-CuII O2 50 ºC 67 1 68 
18 S1-CuII H2O2, 20 mM 20 ºC, 30 min 5 49 58 
19 S12-CuII O2 50 ºC 164* 3 84 
20 S12-CuII H2O2, 20 mM 20 ºC, 30 min 103* 50 78 
21 S1-CuI H2O2, 6 mM 20 ºC, 30 min 40 44 84 









3.2 Quantification of products obtained in the oxidation of S2-derived, S3-derived and S3-Me-
derived copper complexes under different conditions.  
Scheme A1.15. Oxidation of S2, S3 and S3-Me-derived copper complexes under different conditions 
 
 
The oxidation of S2-derived, S3-derived and S3-Me-derived copper complexes was carried out following 
the same methodology described above (section 3.1). The results obtained are summarized in Table A1.14. 
The reaction products were quantified by 1H-NMR comparing the integration of the signals corresponding 
to the starting materials and the reaction products (see above) with the integration of the signals 
corresponding to the internal standard.  
 
1H-NMR (CDCl3) S2: 5.37 (s, 1H, C=CH), 4.65 (m, 2H, NCH2Py). 
1H-NMR (CDCl3) S2-OH: 3.86 (m, 1H, CH-OH). Note: a minor fraction (<10%) of the hydrolyzed product 
(P2) was also detected (P2: 3.81 (m, 1H, CH-OH)).  
1H-NMR (CDCl3) S3: 4.59 (m, 2H, NCH2Py).  
1H-NMR (CDCl3) S3-OH: 3.80 (m, 1H, CH-OH). Note: a minor fraction (<10%) of the hydrolyzed product 
(P3) was also detected (P3: 3.73 (m, 1H, CH-OH)).  
1H-NMR (CDCl3) S3-Me: 4.55 (m, 2H, NCH2Py).  
1H-NMR (CDCl3) S3-Me-OH: 3.80 (m, 1H, CH-OH). Note: a minor fraction (<10%) of the hydrolyzed product 









Table A1.14. Yields obtained in the oxidation of S2-derived, S3-derived and S3b-derived copper 
complexes under different conditions.    
 






1 S2-CuI O2 0 ºC 52 46 98 
2 S2-CuI O2 20 ºC 36 57 89 
3 S2-CuI O2 50 ºC 13 77 90 
4 S2-CuI H2O2, 20 mM 20 ºC, 30 min 12 66 78 
5 S22-CuI O2 20 ºC 143* 0 72 
6 S22-CuI O2 50 ºC 126* 0 62 
7 S22-CuI O2 20 ºC +1 equiv. CuI 121* 77 99 
8 S22-CuI H2O2, 20 mM 20 ºC, 30 min 165* 38 99 
9 S2-CuII O2 50 ºC 81 2 83 
10 S2-CuII H2O2, 20 mM 20 ºC, 30 min 56 43 99 
11 S22-CuII O2 50 ºC 190* 10 100 
12 S22-CuII H2O2, 20 mM 20 ºC, 30 min 146* 53 100 
13 S3-CuI O2 0 ºC 52 46 98 
14 S3-CuI O2 20 ºC 32 57 89 
15 S3-CuI O2 50 ºC 2 80 82 
16 S3-CuI H2O2, 20 mM 20 ºC, 30 min 13 70 83 
17 S3-Me-CuI O2 0 ºC 50 36 86 
18 S3-Me-CuI O2 20 ºC 55 45 100 
19 S3-Me-CuI O2 50 ºC 31 69 100 
20 S3-Me-CuI H2O2, 20 mM 20 ºC, 30 min 21 77 98 
21 S2-CuI H2O2, 6 mM 20 ºC, 30 min 20 53 73 
*2 equiv. of ligand (mass balance higher than 100%).  
 
4. Oxidation of copper complexes under different conditions. Mechanistic experiments.  
4.1 Equilibria between LCu and L2Cu species.  UV-vis experiments.  
 In order to determine the relative ratios of the different copper species that could be present in 
solution when Cu sources are mixed with the ligands, three different sets of titration experiments were 
carried out. The generation of various LCu/L2Cu species was quantified using UV-vis spectroscopy. 
Titration of a solution of ligand (L) to a solution of a Cu source ([CuI(CH3CN)4](PF6) or CuII(CF3SO3)2) 
(Figure A1.7, titration experiment i) was carried out. From the titration curves, an estimate of the Keq for 
each process could be calculated (Figure A1.7B, see S.I. for fitting details). Similarly, we also carried out 
the stepwise addition of the ligand (L) to the different isolated LCu complexes (titration experiments ii). A 
third set of experiments was also carried out to establish the relative stability between the LCu complexes 
and their L2Cu counterpart, by titrating exogenous Cu to isolated L2Cu complex (titration experiments iii) to 
form LCu. The results obtained for these set of experiments are depicted in Figure A1.7. Interestingly, we 
observed that higher concentrations of the CuII source were required to fully generate the S1-CuII complex 
compared to the analogous S12CuI and the S2-derived complexes (Keq(2): 0.22 vs. 0.1–0.14, respectively). 
These findings were also observed in the equilibrium constants obtained in the formation of the L2Cu 
complexes: the, Keq(2B) for the S12CuII complex was substantially higher than that for the other L2Cu 




Figure A1.7.  (A) Equilibrium of the copper complexes in solution and titration experiments for equilibrium 
constants (Keq) calculations. (B) Results obtained in the titration experiments. (C) Fitting of the results 
obtained in the titration experiments iii. See below for details on the fitting of the titration curves.     
 
The results obtained in the titration experiments confirm the hypothesis that in solution, the main species 
(>80%) are the mono-ligated complexes LCu when equimolar amounts of Cu and the substrates are mixed. 
The higher stability of the S12CuII complex (Keq(2B): 4900 M-1, Keq(2): 0.22) compared to the CuI analogue 
(Keq(2B): 2800 M-1, Keq(2): 0.14) provides a convenient explanation for the significantly lower yields obtained 
when CuII was used (<5%) compared to CuI (31 %) in Schönecker’s seminal report. Under Baran’s reaction 
conditions, the use of additional CuII (2.3 equiv) minimizes the formation of the L2CuII complex, leading to 
higher oxidation yields. The titration results obtained are also in agreement with the empirical observation 
that the hydroxylation of S2 complexes was found to occur under lower Cu loadings compared to the S1 
systems (1.2 vs. 2.3 equiv). The formation of the S22-Cu complexes is less favored than the S1 analogues 
(Figure A1.7B), leading to a higher availability of the mono-ligated S2-Cu complexes.  
 
The equilibrium constants (see Figure A1.7) for the conversion between the mono-ligated and di-ligated 
copper complexes were determined by spectrometric titrations followed by UV-vis. The titration curves were 
fitted using the KaleidaGraph program (non-linear least-squares regression) using the following equations 
(Equations 1-3).141, 142 Note: similar equations were used to determine the equilibrium constants Keq.(2).  
 
0.5 L2Cu  +  0.5 CuLCu
A. Equilibrium of copper complexes in solution and titration experiments.
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B. Equilibrium constants for various complexes.
C. Titration curves.
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4.9 ± 1.0 0.167 ± 0.001 4.2 ± 0.7
5.8 ± 1.1 0.24 ± 0.01 5.4 ± 0.8
5.1 ± 1.7 0.129 ± 0.004 2.7 ± 0.4














L2Cu + Cu: The first set of experiments entailed the stepwise addition of the copper source 
([CuI(CH3CN)4](PF6) or CuII(CF3SO3)2) to the isolated L2Cu complexes. For S12-CuI: 3.0 mL of an S12-CuI 
solution (1 mM, 0.003 mmols) in acetone were placed in a 10 mm path quartz cell equipped with a stir bar 
and it was capped with a rubber septum. After cooling down the cell to 20 ºC, 10 L of a [CuI(CH3CN)4](PF6) 
solution (0.012 mmols in 200L of acetone) were added under argon and the spectral change was recorded. 
Stepwise addition of CuI (10 L, 20 times) led to the complete formation of S1-CuI complex (decay of the 
370 nm UV-vis band, see Figure A1.7). A similar procedure was followed for the S22-CuI system. For the 
S22-CuII complexes, CuII(CF3SO3)2 was used as titrating reagent to form the corresponding [(L)CuII]2+ 




Figure A1.8. UV-vis spectral changes observed upon stepwise addition of CuII(CF3SO3)2 (titration 0.2 to 4 
mM) to an acetone solution of the isolate S1-CuII (1 mM). Inset: absorbance changes (= 400 nm) upon 
addition of CuII (left) and titration curve fitting (right).   
 
LCu + L: The second set of experiments entailed the stepwise addition of ligand (L) to the isolated LCu 
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acetone were placed in a 10 mm path quartz cell equipped with a stir bar and it was capped with a rubber 
septum. After cooling down the cell to 20 ºC, 20 L of a S1 solution (0.012 mmols in 200L of acetone) 
were added under argon and the spectral change was recorded. Stepwise addition of the S1 solution (20 
L, 20 times) led to the complete formation of S12-CuI complex (formation of a 370 nm UV-Vis band). A 
similar procedure was followed for the S2-CuI system and for the [(L)CuII]2+ complexes.   
Cu + L: the third set of experiments entailed the stepwise addition of ligand (L) to Cu salts to form 
sequentially the LCu and L2Cu complexes. For S1/CuI: 3.0 mL of a [CuI(CH3CN)4](PF6) solution (1 mM, 
0.003 mmols) in acetone were placed in a 10 mm path quartz cell equipped with a stir bar and it was capped 
with a rubber septum. After cooling down the cell to 20 ºC, 10 L of a S1 solution (0.012 mmols in 200L 
of acetone) were added under argon and the spectral change was recorded. Stepwise addition of the S1 
solution (10 L, 10 times and 20 L 15 times) led to sequential formation of S1-CuI and S12-CuI complexes 
(formation of a 370 nm UV-Vis band, see Figure A1.9). A similar procedure was followed for the S2/CuI 




Figure A1.9. UV-vis spectral changes observed upon stepwise addition of CuI(CH3CN)4(PF6) (titration 0.2 
to 4 mM) to an acetone solution of the S2 (1 mM). Inset: absorbance changes (= 400 nm) upon addition 
of CuI (left) and titration curves fitting (right).  
  
4.2 H2O2 formation. Solvent oxidation.  
4.2.1 H2O2 quantification.  
NaI method: The formation of peroxides during the oxidation of the different copper complexes with 
dioxygen was quantified by iodometric titration adapting a methodology previously described.143 For S1-
CuI: in the glovebox, 1 mL of an acetone solution containing 1.5 mg of S1-CuI (4 mM, 0.004 mmols) was 
added to a 10 mL vial equipped with a stir bar and capped with a rubber septum. Outside the glovebox, dry 
dioxygen was bubbled through the solution for 10 seconds (note: if the oxidation was not carried out at 
room temperature, the vial was placed in an oil bath (50 ºC) or ice bath (0 ºC) for 5 minutes before injection 
of O2). After 5 minutes, 50 L of the resulting solution were added to 3 mL of a sodium iodide solution (0.3 
M in dry CH3CN). Formation of I3- was followed by UV-vis (max = 361 nm,  = 22000 M-1·cm-1). The 
absorbance obtained was corrected by subtracting the absorbance obtained when 50 L of the same 
resulting solution was added to 3 mL of CH3CN without NaI. We measured the formation of peroxides at 
different times (5, 30 and 180 minutes). The same methodology was used to test the peroxide formation in 
the oxidation of the different copper complexes at different temperatures and with different solvents. In all 
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Ti(IV) method: The formation of peroxides during the oxidation of the different copper complexes with 
dioxygen was quantified by Ti(IV)-oxysulfate titration adapting a methodology previously described.144 For 
S1-CuI: in the glovebox, 1 mL of an acetone solution containing 1.5 mg of S1-CuI (4 mM, 0.004 mmols) was 
added to a 10 mL vial equipped with a stir bar and capped with a rubber septum. Outside the glovebox, dry 
dioxygen was bubbled through the solution for 10 seconds (note: if the oxidation was not carried out at 
room temperature, the vial was placed in an oil bath (50 ºC) or ice bath (0 ºC) for 5 minutes before injection 
of O2). After 5 minutes, 500 L of the resulting solution were added to a solution containing 1 mL of a 
acetone, 1.5 mL of H2O and 0.15 mL of a titanium(IV) oxysulfate solution (15% in dilute sulfuric acid). H2O2 
was determined spectrophotometrically at 408 nm. The yield of H2O2 was determined by correlation with a 
calibration curve. In all the cases, the peroxides detected were below 10% of the initial Cu concentration.  
 
4.2.2 Oxidation of acetone. Quantification of hydroxyacetone, acetic acid and diacetone alcohol.  
 The formation of diacetone alcohol (product derived from aldol condensation of acetone, see 
Scheme A1.16) was confirmed by 1H-NMR. After exposing the copper(I) complexes to the oxidative 
conditions and isolation of the oxidation products (see section 3.1 and 3.2, above), the reaction products 
were quantified by 1H-NMR comparing the integration of the signals corresponding to the diacetone alcohol 
(2.63 ppm: s, 2H, -CH2-) with the integration of the signals corresponding to the internal standard (styrene).  
 We also quantified the formation of diacetone alcohol, and the products derived from the oxidation 
of acetone (acetic acid and hydroxyacetone, see Scheme A1.16) by GC. After exposing acetone solutions 
of the copper complexes to dioxygen (or H2O2), biphenyl was added (internal standard) and the resulting 
crude was injected to the GC. The relative ratio of the reaction products (diacetone alcohol, hydroxyacetone 
and acetic acid) was obtained by comparison with standards of commercial samples and biphenyl (Table 
A1.15). Other possible products derived from the oxidation of acetone such as formic acid, formaldehyde, 
methyl glyoxal, pyruvic acid and oxalic acid were not detected.145   
 
Proposed mechanism for the oxidation of acetone in the LCuI/O2 reaction:  
 As described in the manuscript text, we propose that addition of O2 to solutions of the LCuI 
complexes leads to the formation of a transient LCuII-superoxide complex that releases free superoxide to 
form a mononuclear LCuII-solvato complex (Scheme A1.16). We suggest that this copper(II) complex is 
able to react with another molecule of acetone to generate the acetone aldol coupling (via aldol 
condensation, see Table A1.15) in a catalytic fashion. The aldol product can serve as a proton and water 
source (via formation of mesityl oxide).146  
  
 H2O2 formation: based on the small amount of acetone oxidation products at low temperatures (see 
Table A1.15), we suggest that at 0 °C H2O2 is formed via superoxide disproportionation. At higher 
temperatures, we observed an increase in the acetone oxidation products that suggests that superoxide 
(or its protonated form) is able to abstract H+ and e- from the solvent to generate higher amounts of H2O2 
(that leads to higher intramolecular hydroxylation yields). We speculate (based on literature precedents) 
that superoxide can oxidize acetone via two possible mechanistic scenarios:  
  
 The first one involves H atom abstraction of the solvent by the protonated superoxide (H+ can be 
provided by acetone via formation of acetone aldol product or by traces of water presence in the solvent). 
Superoxide is a modest HAT agent but not its protonated form HO2·.54, 147 It is feasible that at high 
temperatures, the oxidation of acetone could happen via HAT from the acetone to the HO2· (slightly 
endergonic process).  
 
 The second possibility is in agreement with the nucleophilic character of superoxide. It has been 
shown that protonated superoxide HO2· is able to react with acetone via formation of a (CH3)2C(OH)OO• 
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which decays to form acetic acid.148, 149 It has been recently reported that superoxide can react with ketones 




Scheme SA1.16. Proposed mechanism for the oxidation of acetone in the LCuI/O2 reaction. 





Table A1.15. Yields obtained in the oxidation of S2-derived, S3-derived and S3-Me-derived copper 
complexes under different conditions.    












1 S1-CuI O2 0 ºC 14 0 0.3 1 9 
2 S1-CuI O2 20 ºC 25 0 2 8 42 
3 S1-CuI O2 50 ºC 43 1 19 78 230 
4 S1-CuII O2 50 ºC 1 0 0 0 10 
5 S2-CuI O2 0 ºC 46 1.5 0 3 14 
6 S2-CuI O2 20 ºC 57 0.1 1.1 4.6 148 
7 S2-CuI O2 50 ºC 77 3 9 42 190 
8 S2-CuII O2 50 ºC 2 0 0 0 10 
9 S3-Me-CuI O2 50 ºC 69 0.5 10 41 360 
10 CuI O2 50 ºC - 0.5 14 57 4 
12 S1-CuI H2O2, 20 mM 20 ºC, 30 min 49 0 44 176 4 
13 S2-CuI H2O2, 20 mM 20 ºC, 30 min 66 1.6 23 95 2 
14 CuI(TMPA) O2 50 ºC - 0 118 472 325 
15 CuI(MeAN) O2 50 ºC - 0 7 28 32 
16 CuI((R,R)-bpbp) O2 50 ºC - 0 6 24 717 
17 Acetone blank O2 50 ºC - 0 0 0 0 
 
4.2.3 Solvent effect.  
 In the glovebox, 8 mg of S1-CuI (4 mM, 0.016 mmols) were dissolved in 4 mL of the desired solvent 
and were added to a 10 mL vial equipped with a stir bar and capped with a rubber septum. Outside the 
glovebox, dry dioxygen was bubbled through the solution for 10 seconds (note: the copper(I) complexes 
showed slow solubility in benzene and toluene). After 6h, 3 mL of an aqueous solution containing Na4EDTA 
(pH = 11) were added to quench the reaction. The organic/H2O mixture was extracted with Et2OAc (3 mL x 
3) and the resulting organic fractions were dried with MgSO4. After filtration, the organic phase was dried 
under vacuum. The resulting organic product was dissolved in 0.65 mL of CDCl3 containing 2.3L of styrene 
(internal standard, 0.02 mmols). The reaction products were quantified by 1H-NMR comparing the 
integration of the signals corresponding to the reaction products with the integration of the signals 
corresponding to the internal standard (Table A1.16). 
 
Table A1.16. Hydroxylation yields obtained in the oxidation of S1-CuI and S2-CuI with O2 with 
different solvents. 
Solvent Temperature. (ºC) S1-OH  S2-OH 
Acetone 0 ºC 14 % 46 % 
Acetone 20 ºC 25 %  57 % 
Acetone 50 ºC 43 % 77 % 
THF 20 ºC  28 % 42 % 
CH2Cl2 20 ºC 19 % 38 % 
Toluene 20 ºC 0 % 4 %  
Benzene 20 ºC 2 % 9 % 
CH3CN 20 ºC  0 % 0 % 
 
 The products derived from the oxidation of toluene by O-centered radical species (i.e. superoxide) 
in the oxygenation of S1-CuI and S2-CuI were detected and quantified by GC (see below). 46 Only products 
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derived from the oxidation of sp3 bonds were detected (no cresols), suggesting that the oxidation was 
carried out by superoxide rather than hydroxyl radical.151 Note: oxidation yields were calculated as follows: (mols 
oxidation product)/(mols LCuI). Considering that benzaldehyde is a 4e- oxidation product, and benzyl alcohol a 2e- 
product, we also calculated the overall yield.     
 
For S1-CuI: ortho-cresol (n.d.), meta-cresol (n.d.), para-cresol (n.d.), benzaldehyde (16%), benzyl alcohol 
(3%). Overall yield (e-): 70% 
 
For S2-CuI: ortho-cresol (n.d.), meta-cresol (n.d.), para-cresol (n.d.), benzaldehyde (13%), benzyl alcohol 




4.3 Oxidation of S1-CuI complex with O2.  
Scheme A1.17. Kinetic analysis of the oxidation of S1-CuI with O2. 
 
 
4.3.1 UV-vis experiments. 
 Standard procedure for oxidation of copper complexes with O2: 3 mL of a solution of S1-CuI (1mM 
to 4mM) in acetone were placed in a 10 mm path quartz cell equipped with a stir bar and it was capped 
with a rubber septum. After cooling down the cell to 0 ºC, dioxygen was bubbled through the solution for 5 
seconds. The reaction spectral changes were recorded every 2 seconds for 3000 seconds (Figure A1.10). 
NOTE: similar spectral changes and kinetic results were obtained if the acetone was saturated with O2 before the 




Figure A1.10. UV-vis spectra and evolution of the absorbance recorded in the oxidation of S1-CuI (1 mM) 
with O2 (0 ºC). Left: addition of O2 to a 1 mM solution of S1-CuI (orange spectrum) led to the stepwise 
formation of S1-CuII (grey spectra) and [(S1)CuII(OOH)]+ (brown spectra) that slowly decay to form the 
hydroxylation product (green spectrum). Right: evolution of the UV-vis absorbance at 620 nm (grey trace), 
400 nm (brown trace), and 650-550 nm (green trace) tracked the formation of S1-CuII, [(S1)CuII(OOH)]+ 






















































Kinetic studies: According to the proposed mechanism, the LCuI complexes will react with O2 to generate 
the corresponding LCuII complex and free superoxide that will evolve to form H2O2 (disproportionation or 
acetone oxidation). In a second reaction step, LCuII will react with H2O2 to generate the putative LCuII(OOH) 
which will decay to oxidize the ligand scaffold (Equation 4-6). Note: We propose that acetone provides the 
protons required to form H2O2 via solvent oxidation or formation of the aldol coupling product (see proposed mechanism 
in Scheme A1.16). 
 
Equation 4:    
 
The evolution of the concentration of the LCuII(OOH) intermediate and final oxidation product can be 
determined by the following equations (Equations 2 and 3):  




 Under sub-stoichiometric concentrations of H2O2, the steady state kinetics approximation can not 
be applied: the concentrations of the LCuII(OOH) intermediate and the H2O2 will be similar and will change 
during the reaction.152 The evolution of the final product will not only depend on the concentration of LCuII 
and H2O2 (steady state approximation) but also on the concentration of the LCuII(OOH) intermediate. 
Consequently, the calculated rates for the second (k2) and third processes (k3) in the oxidations with O2 
(see section above) have to be taken with caution. We will bypass this problem by using H2O2 in excess 
(see below), which will lead to the full formation of LCuII(OOH) and will permit to calculate k3 by monitoring 
the decay of the spectral features of the LCuII(OOH) intermediate.  
 We observed that the absorbance changes recorded in the reaction between LCuI and O2 can be 
fitted to exponential functions. This is indicative that a mononuclear copper complex is involved in each of 
the reaction steps (see above). The calculated rates were also independent on initial concentrations of 
LCuI, reinforcing the presence of mononuclear intermediates.  
 
 Kinetic analysis was performed by fitting the exponential formation and decay of the different 
copper species at different wavelengths (see above for kinetic analysis approached used in the reaction 
between the LCuI and O2). The rate for the formation of LCuII (k1) was calculated by fitting the spectral 
changes ( = 620 nm) from 0 to 50 s. The rate for the formation of the LCuII(OOH) species (k2) was 
calculated by fitting the spectral changes ( = 400 nm) from 50 to 300 s. The rate for the decay of 
LCuII(OOH) species (k3) was calculated by fitting the spectral changes ( = 400 nm) from 300 to 3000 s 





Figure A1.11. Kinetic analysis of the oxidation of S1-CuI with O2 at 0 ºC. (a) Reaction rates obtained (kobs: 
k1, k2, k3) at different initial S1-CuI concentrations (1.0 – 4.0 mM). (b) (c) (d) Fitting of the kinetic traces 
obtained in the oxidation of S1-CuI (1 mM, 2 mM, 3 mM and 4 mM) with O2 at different times used to 
calculate the reaction rates k1 (b: formation on S1-CuII, 0-50 s), k2 (c: formation of S1-CuII(OOH), 50-300 
s) and k3 (decay of S1-CuII(OOH),  300-3000 s). Note 1: All kinetic measurements were carried out at least three 
times and the average value is reported (see Table S17). Note 2: notice that in a) the kobs (s-1) are plotted against the 
concentration of CuI and in the manuscript the reaction rates (M/s) are plotted against the concentration. In both 
cases, it indicates that the reaction is first-order dependent on the concentration of Cu. Note 3: a second minor 
underlying process might explain the slight deviations in the data fitting.      
 
 
a) Kinetic analysis of the S1-CuI/O2 reaction.  b) Dependence of the reaction rate k1 (time: 0-50 s) on [Cu
I]0 (1 - 4mM).      
c) Dependence of the reaction rate k2 (time: 50-300 s) on [Cu
I]0 (1 - 4mM).     d) Dependence of the reaction rate k3 (time: 300-3000 s) on [Cu













































kobs = k2 kobs = k1  kobs = k3 








Figure A1.12. UV-vis spectral changes and kinetic analysis of the oxidation of S1-CuI (1mM) with O2 at 0 






Figure A1.13. UV-vis spectral changes and kinetic analysis of the oxidation of S1-CuI (2mM) with O2 at 0 






Figure A1.14. UV-vis spectral changes and kinetic analysis of the oxidation of S1-CuI (3mM) with O2 at 0 





Figure A1.15. UV-vis spectral changes and kinetic analysis of the oxidation of S1-CuI (4mM) with O2 at 0 
ºC (three kinetic experiments included). 
 
Table A1.17. Summary of the kinetic analysis of the oxidation of S1-CuI (1 – 4mM) with O2 at 0 ºC.  
Conditions k1 (s-1)  k2 (s-1)  k3 (s-1) 
S1-CuI (1mM) + O2 (0 ºC)  0.12 ± 0.03 0.013 ± 0.004 0.0004 ± 0.0001  
S1-CuI (2mM) + O2 (0 ºC) 0.11 ± 0.02 0.016 ± 0.003 0.0005 ± 0.0002 
S1-CuI (3mM) + O2 (0 ºC) 0.14 ± 0.02 0.016 ± 0.002 0.0005 ± 0.0002 
S1-CuI (4mM) + O2 (0 ºC) 0.13 ± 0.02 0.014 ± 0.004 0.0004 ± 0.0001 
 
 
4.3.2 Evolution of reaction yield. 
 In the glovebox, 2 mL of an acetone solution containing the desired amounts of S1-CuI were added 
to a 10 mL vial equipped with a stir bar and capped with a rubber septum (4 mM). Outside the glovebox, 
dry dioxygen was added to the solution after being cooled to the desired temperature (0 ºC). The reaction 
was quenched at the desired time by adding 3 mL of an aqueous solution containing Na4EDTA (pH = 11). 
Product extraction and 1H-NMR analysis was carried out as previously described (see above for details). 





Figure A1.16. Evolution of the hydroxylation yields (S1-OH) obtained in the oxidation of S1-CuI with O2 (0 
ºC).  
 
4.4 Oxidation of S1-CuI complex with H2O2.  
Scheme A1.18. Kinetic analysis of the oxidation of S1-CuI with H2O2 (0 ºC). 
 
 
4.4.1 UV-vis experiments. 
 3 mL of a solution of S1-CuI in acetone were placed in a 10 mm path quartz cell equipped with a 
stir bar and it was capped with a rubber septum. After cooling down the cell to 0 ºC, 100 L of an acetone 
solution containing the desired amounts of H2O2 was added (note: the solution of H2O2 was deoxygenated 
by Ar/vacuum cycles before being injected to the CuI complex). The reaction spectral changes were 
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Figure A1.17. UV-vis spectra and evolution of the absorbance recorded in the oxidation of S1-CuI (1 mM) 
with H2O2 (20 mM) at 0 ºC. Left: addition of H2O2 (20 mM) to a 1 mM solution of S1-CuI (orange 
spectrum) led to the formation of [(S1)CuII(OOH)]+ (brown spectra) that decay to form the hydroxylation 
product (green spectra). Right: evolution of the UV-vis absorbance at 400 nm (brown trace), and 650-550 
nm (green trace) tracked the decay of [(S1)CuII(OOH)]+ and formation of the hydroxylation product, 
respectively. 
 
 Kinetic analysis was performed by fitting the exponential formation and decay of the different 
copper species at different wavelengths (Figure A1.18). The rates for the formation of LCuII (k1) and 
LCuII(OOH) (k2) could not be calculated because the initial reaction between LCuI and H2O2 was very fast 
(t < 5 s). The rate for the decay of the LCuII(OOH) species (k3) was calculated by fitting the spectral changes 
( = 450 nm) from 10 to 200 s. The rate of hydrolysis of the LC-OHCuII complex (k4) was calculated by fitting 














































Figure A1.18. Kinetic analysis of the oxidation of S1-CuI with H2O2 at 0 ºC. (a) Reaction rates obtained 
(kobs: k3, k4) at different initial S1-CuI (0.5 – 3.0 mM) and H2O2 concentrations (5 – 30 mM). (b) Fitting of 
the kinetic traces obtained in the oxidation of S1-CuI (0.5 mM, 1 mM, 2 mM and 3 mM) with H2O2 (20 mM) 
at different times used to calculate the reaction rates k3 (c: decay of S1-CuII(OOH), 0-300 s) and k4 
(hydrolysis, 300-3000 s). (c) Fitting of the kinetic traces obtained in the oxidation of S1-CuI (1 mM) with 
different concentration of H2O2 (only 10 mM and 20 mM are depicted) at different times used to calculate 
the reaction rates k3 (c: decay of S1-CuII(OOH), 0-300 s) and k4 (hydrolysis, 300-3000 s). Note 1: All kinetic 
measurements were carried out at least three times. Note 2: notice that in a) the kobs (s-1) are plotted against the 
concentration of CuI and H2O2 and in the manuscript the reaction rates (M/s) are plotted against the concentration. In 
both cases, it indicates that the reaction is first-order dependent on the concentration of copper and independent of 
the concentration of oxidant.   
 
a) Kinetic analysis of the S1-CuI/H2O2 reaction.  
b) Dependence of the reaction rates k3 (time: 0-300 s, left) and k4 (time: 300 – 3000 s) on [Cu
I]0 (0.5 – 3 mM).      
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4.4.2 Evolution of reaction yield and H2O2 concentration. 
 In the glovebox, 2 mL of an acetone solution containing the desired amounts of S1-CuI were added 
to a 10 mL vial equipped with a stir bar and capped with a rubber septum (4 mM). Outside the glovebox, 
the Cu(I) solution was cooled to 0 ºC and the desired amount of H2O2 35% was added using a syringe (20 
mM). The reaction was quenched at the desired time by adding 3 mL of an aqueous solution containing 
Na4EDTA (pH = 11). Product extraction and 1H-NMR analysis was carried out as previously described (see 
above for details). The results are summarized in Figure A1.19. The concentration of H2O2 (derived from 
the protonation of the LCuII(OOH) species) was also tracked by quenching the reaction at different times 
using the Ti(IV) method (see Section 4.2.1).    
  
  
Figure A1.19. (A) Evolution of the hydroxylation yields (C-OH) obtained in the oxidation of S1-CuI with 
H2O2 (0 ºC). Right:  Note: the hydroxylation yields observed at short reaction times (10 s) are higher than 
expected (~ 10-15%). Partial decay of the [(S1)CuII(OOH)]+ upon quenching might lead to this slight 
deviation. (B) Evolution of H2O2 concentration (quantified using the Ti(IV) method) upon quenching the 
LCuII(OOH) at different reaction times. Note: LCuII(OOH) was generated by adding 1.5 equiv. of H2O2 to 
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+ H2O2 (6mM) at 0 °C 
A. Evolution of the hydroxylation yields (S1-OH) over time.   












4.5 Oxidation of S2-CuI complex with O2.  
Scheme A1.19. Kinetic analysis of the oxidation of S2-CuI with O2 (0 ºC). 
 
 
4.5.1 UV-vis experiments. 
 3 mL of a solution of S2-CuI (0.5mM to 4mM) in acetone were placed in a 10 mm path quartz cell 
equipped with a stir bar and it was capped with a rubber septum. After cooling down the cell to -40 ºC, 
dioxygen was bubbled through the solution for 5 seconds. The reaction spectral changes were recorded 
every 2 seconds for 3000 seconds (Figure A1.20). Kinetic analysis was performed by fitting the exponential 
formation and decay of the different copper species at different wavelengths. NOTE: similar kinetic results 




Figure A1.20. UV-vis spectra and evolution of the absorbance recorded in the oxidation of S2-CuI (1 mM) 
with O2 at -40 ºC. Left: addition of O2 to a 1 mM solution of S1-CuI (orange spectrum) led to the stepwise 
formation of S2-CuII (grey spectra) and [(S2)CuII(OOH)]+ (brown spectra) that decay to form the 
hydroxylation product (green spectrum). Right: evolution of the UV-vis absorbance at 650 nm (grey trace), 
400 nm (brown trace), and 650-550 nm (green trace) tracked the formation of S2-CuII, [(S2)CuII(OOH)]+ 





















































 Kinetic analysis was performed by fitting the exponential formation and decay of the different 
copper species at different wavelengths (Figure A1.21, see above for kinetic analysis approached used in 
the reaction between the LCuI and O2). The rate for the formation of LCuII (k1) was calculated by fitting the 
spectral changes ( = 610 nm) from 0 to 60 s. The rate for the formation of the LCuII(OOH) species (k2) was 
calculated by fitting the spectral changes ( = 610 nm) from 60 to 300 s. The rate for the decay of 





Figure A1.21. Kinetic analysis of the oxidation of S2-CuI with O2 (-40 ºC). (a) Reaction rates obtained 
(kobs: k1, k2, k3) at different initial S1-CuI concentrations (0.5 – 3.0 mM). (b) (c) (d) Fitting of the kinetic 
traces obtained in the oxidation of S2-CuI (0.75 mM, 1 mM, 2 mM and 3 mM) with O2 at different times 
used to calculate the reaction rates k1 (b: formation on S2-CuII, 0-60 s), k2 (c: formation of S1-CuII(OOH), 
60-300 s) and k3 (decay of S2-CuII(OOH),  300-3000 s). Note 1: All kinetic measurements were carried out at 
least three times and the average value is reported. The different kobs observed deviate less than 10% from the 
average kobs value. Note 2: notice that in a) the kobs (s-1) are plotted against the concentration of CuI and in the 
manuscript the reaction rates (M/s) are plotted against the concentration. In both cases, it indicates that the reaction 
is first-order dependent on the concentration of copper. 
 
4.5.2 Evolution of reaction yield. 
 In the glovebox, 2 mL of an acetone solution containing the desired amounts of S1-CuI were added 
to a 10 mL vial equipped with a stir bar and capped with a rubber septum (4 mM). Outside the glovebox, 
dry dioxygen was added to the solution after being cooled to the desired temperature (0 ºC). The reaction 
was quenched at the desired time by adding 3 mL of an aqueous solution containing Na4EDTA (pH = 11). 
Product extraction and 1H-NMR analysis was carried out as previously described (see above for details). 
The results are summarized in Figure A1.22.  
 
a) Kinetic analysis of the S2-CuI/O2 reaction.  b) Dependence of the reaction rate k1 (time: 0-60 s) on [Cu
I]0 (0.5 - 3mM).      
c) Dependence of the reaction rate k2 (time: 60-300 s) on [Cu
I]0 (0.5 - 3 mM).     d) Dependence of the reaction rate k3 (time: 300-3000 s) on [Cu
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Figure A1.22. Evolution of the hydroxylation yields obtained in the oxidation of S2-CuI with O2 (-40 ºC).  
 
4.6 Oxidation of S2-CuI complex with H2O2  
Scheme A1.20. Kinetic analysis of the oxidation of S2-CuI with H2O2 (-40 ºC). 
 
 
4.6.1 UV-vis experiments. 
 3 mL of a solution of S2-CuI in acetone were placed in a 10 mm path quartz cell equipped with a 
stir bar and it was capped with a rubber septum. After cooling down the cell to -40 ºC, 100 L of an acetone 
solution containing the desired amounts of H2O2 was added (note: the solution of H2O2 was deoxygenated 
by Ar/vacuum cycles before being injected to the CuI complex). The reaction spectral changes were 
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Figure A1.23. UV-vis spectra and evolution of the absorbance recorded in the oxidation of S2-CuI (1 mM) 
with H2O2 (20 mM) at -40 ºC. Left: addition of H2O2 (20 mM) to a 1 mM solution of S2-CuI (orange 
spectrum) led to the formation of [(S2)CuII(OOH)]+ (brown spectra) that decay to form the hydroxylation 
product (green spectra). Right: evolution of the UV-vis absorbance at 400 nm (brown trace) tracked the 





 Kinetic analysis was performed by fitting the exponential formation and decay of the different 
copper species at different wavelengths (Figure A1.24). The rates for the formation of LCuII (k1) and 
LCuII(OOH) (k2) could not be calculated because the initial reaction between LCuI and H2O2 was very fast 
(t < 5 s). The rate for the decay of the LCuII(OOH) species (k3) was calculated by fitting the spectral changes 









































Figure A1.24. Kinetic analysis of the oxidation of S1-CuI with H2O2 at -40 ºC. (a) Reaction rates obtained 
(kobs: k3) at different initial S2-CuI (0.5 – 3.0 mM) and H2O2 concentrations (2 – 20 mM). (b) Fitting of the 
kinetic traces obtained in the oxidation of S1-CuI (0.5 mM, 1 mM, 2 mM and 3 mM) with H2O2 (20 mM) 
used to calculate the reaction rate k3 (c: decay of S1-CuII(OOH), 0-3000 s). (c) Fitting of the kinetic traces 
obtained in the oxidation of S1-CuI (1 mM) with different concentration of H2O2 (only 10 mM and 20 mM 
are depicted) used to calculate the reaction rate k3 (decay of S1-CuII(OOH), 0-3000 s). Note 1: All kinetic 
measurements were carried out at least three times and the average value is reported. The different kobs observed 
deviate less than 10% from the average kobs value. Note 2: notice that in a) the kobs (s-1) are plotted against the 
concentration of CuI and H2O2 and in the manuscript the reaction rates (M/s) are plotted against the concentration. In 
both cases, it indicates that the reaction is first-order dependent on the concentration of copper and independent of 
the concentration of oxidant.   
 
4.6.2 Evolution of reaction yield. 
 In the glovebox, 2 mL of an acetone solution containing the desired amounts of S2-CuI were added 
to a 10 mL vial equipped with a stir bar and capped with a rubber septum (4 mM). Outside the glovebox, 
the Cu(I) solution was cooled to -40 ºC and the desired amount of H2O2 35% was added using a syringe 
(20 mM). The reaction was quenched at the desired time by adding 3 mL of an aqueous solution containing 
Na4EDTA (pH = 11). Product extraction and 1H-NMR analysis was carried out as previously described (see 
above for details). The results are summarized in Figure A1.25. The concentration of H2O2 (derived from 
the protonation of the LCuII(OOH) species) was also tracked by quenching the reaction at different times 
using the Ti(IV) method (see Section 4.2.1).     
 
a) Kinetic analysis of the S2-CuI/H2O2 reaction.  
b) Dependence of the reaction rates k3 on [Cu
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Figure A1.25. Evolution of the hydroxylation yields (C-OH) obtained in the oxidation of S2-CuI with H2O2 
(-40 ºC). Note: the hydroxylation yields observed at short reaction times (10 s) are higher than expected 
(~ 10-15%). Partial decay of the [(S2)CuII(OOH)]+ upon quenching might lead to this slight deviation. (B) 
Evolution of H2O2 concentration (quantified using the Ti(IV) method) upon quenching the LCuII(OOH) at 
different reaction times. Note: LCuII(OOH) was generated by adding 1.5 equiv. of H2O2 to LCuI in order to 






















+ H2O2 (6mM) at -40 °C 
A. Evolution of the hydroxylation yields (S2-OH) over time.   
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4.7 Oxidation of S1-CuI complex with tBuOOH.  
Scheme A1.21. Kinetic analysis of the oxidation of S1-CuI with tBuOOH (0 ºC). 
 
 
4.7.1 UV-vis experiments. 
 3 mL of a solution of S1-CuI in acetone were placed in a 10 mm path quartz cell equipped with a 
stir bar and it was capped with a rubber septum. After cooling down the cell to 0 ºC, 100 L of an acetone 
solution containing the desired amounts of tBuOOH was added (note: the solution of ROOH was 
deoxygenated by Ar/vacuum cycles before being injected to the CuI complex). The reaction spectral 





Figure A1.26. UV-vis spectra and evolution of the absorbance recorded in the oxidation of S1-CuI (1 mM) 
with tBuOOH (20 mM) at 0 ºC. Left: addition of tBuOOH (20 mM) to a 1 mM solution of S1-CuI (orange 
spectrum) led to the formation of [(S1)CuII(OOtBu)]+ (brown spectra) that decay to form the hydroxylation 
product (green spectra). Right: evolution of the UV-vis absorbance at 400 nm (brown trace) tracked the 































 Kinetic analysis: the decomposition of the LCuII(OOR) species was slow (Figure A1.27). Thus, we 
used the initial rates approximation to analyze the kinetic results obtained at different LCuI and ROOH 
concentrations. We calculated the reaction rates (kobs) by linearly fitting the initial decay of the LCuII(OOR) 
spectral features (5-10% decay, 20 to 3500 seconds). Identical kobs values were obtained when fitting the 






Figure A1.27. Kinetic analysis of the oxidation of S1-CuI with tBuOOH (0 ºC). (a) Reaction rates obtained 
(kobs: k3) at different initial S1-CuI (0.2 – 2.5 mM) and tBuOOH concentrations (2 – 20 mM). (b) Fitting of 
the kinetic traces obtained in the oxidation of S1-CuI (0.25 mM, 1 mM, 2 mM and 2.5 mM) with tBuOOH 
(20 mM) used to calculate the reaction rates k3 (c: decay of S1-CuII(OOtBu), 0-3500 s, initial rates 
approximation). Note 1: All kinetic measurements were carried out at least three times and the average value is 
reported. The different kobs observed deviate less than 10% from the average kobs value. Note 2: notice that in rates 
(M s-1) are plotted against the concentration of CuI and ROOH. It indicates that the reaction is first-order dependent 
on the concentration of copper and independent of the concentration of oxidant (ROOH).   
 
4.7.2 Evolution of reaction yield.  
 In the glovebox, 2 mL of an acetone solution containing the desired amounts of S1-CuI were added 
to a 10 mL vial equipped with a stir bar and capped with a rubber septum (4 mM). Outside the glovebox, 
the Cu(I) solution was cooled to the 0 ºC and the desired amount of tBuOOH was added using a syringe 
(20 mM). The reaction was quenched at the desired time by adding 3 mL of an aqueous solution containing 
Na4EDTA (pH = 11). Product extraction and 1H-NMR analysis was carried out as previously described (see 
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a) Kinetic analysis of the S1-CuI/tBuOOH reaction.  




b) Dependence of the reaction rate k3 (initial rates approx.) on [Cu
I]0 (0.25 – 2.5 mM).     
y= 0.000026 x - 1x10-9 




Figure A1.28. Evolution of the hydroxylation yields (C-OH) obtained in the oxidation of S1-CuI with 
tBuOOH (0 ºC).  
 
4.8 Oxidation of S1-CuI complex with CumOOH.  
Scheme A1.22. Kinetic analysis of the oxidation of S1-CuI with CumOOH (0 ºC). 
 
 
4.8.1 UV-vis experiments. 
 3 mL of a solution of S1-CuI in acetone were placed in a 10 mm path quartz cell equipped with a 
stir bar and it was capped with a rubber septum. After cooling down the cell to 0 ºC, 100 L of an acetone 
solution containing the desired amounts of CumOOH was added (note: the solution of CumOOH was 
deoxygenated by Ar/vacuum cycles before being injected to the CuI complex). The reaction spectral 
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Figure A1.29. UV-vis spectra and evolution of the absorbance recorded in the oxidation of S1-CuI (1 mM) 
with CumOOH (20 mM) at 0 ºC. Left: addition of CumOOH (20 mM) to a 1 mM solution of S1-CuI (orange 
spectrum) led to the formation of [(S1)CuII(OOCum)]+ (brown spectra) that decay to form the 
hydroxylation product (green spectra). Right: evolution of the UV-vis absorbance at 400 nm (brown trace) 




 Kinetic analysis: the decomposition of the LCuII(OOR) species was slow (Figure A1.30). Thus, we 
used the initial rates approximation to analyze the kinetic results obtained at different LCuI and ROOH 
concentrations. We calculated the reaction rates (kobs) by linearly fitting the initial decay of the LCuII(OOR) 
spectral features (5-10% decay, 20 to 3500 seconds). Identical kobs values were obtained when fitting the 






































Figure A1.30. Kinetic analysis of the oxidation of S1-CuI with CumOOH (0 ºC). (a) Reaction rates 
obtained (kobs: k3) at different initial S1-CuI (0.5 – 3.0 mM) and CumOOH concentrations (2 – 20 mM). (b) 
Fitting of the kinetic traces obtained in the oxidation of S1-CuI (0.5 mM, 1 mM, 2 mM and 3 mM) with 
tBuOOH (20 mM) used to calculate the reaction rates k3 (c: decay of S1-CuII(OOCum), 0-3500 s, initial 
rates approximation). Note 1: All kinetic measurements were carried out at least three times and the average value 
is reported. The different kobs observed deviate less than 10% from the average kobs value. Note 2: notice that the 
rates (M s-1) are plotted against the concentration of CuI and ROOH. It indicates that the reaction is first-order 
dependent on the concentration of copper and independent of the concentration of oxidant (ROOH).   
 
4.8.2 Evolution of reaction yield.  
 In the glovebox, 2 mL of an acetone solution containing the desired amounts of S1-CuI were added 
to a 10 mL vial equipped with a stir bar and capped with a rubber septum (4 mM). Outside the glovebox, 
the Cu(I) solution was cooled to the 0 ºC and the desired amount of CumOOH was added using a syringe 
(20 mM). The reaction was quenched at the desired time by adding 3 mL of an aqueous solution containing 
Na4EDTA (pH = 11). Product extraction and 1H-NMR analysis was carried out as previously described (see 





Figure A1.31. Evolution of the hydroxylation yields (C-OH) obtained in the oxidation of S1-CuI with 


















y = 11.216x + 0.0029 























a) Kinetic analysis of the S1-CuI/CumOOH reaction.  b) Dependence of the reaction rate k3 (initial rates approx.) on [Cu
I]0 (0.5 – 3 mM).     
y= 0.000011 x + 2x10-9 
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4.9 Oxidation of S2-CuI complex with tBuOOH.  
Scheme A1.23. Kinetic analysis of the oxidation of S1-CuI with tBuOOH (-40 ºC). 
 
 
4.9.1 UV-vis experiments. 
 3 mL of a solution of S2-CuI in acetone were placed in a 10 mm path quartz cell equipped with a 
stir bar and it was capped with a rubber septum. After cooling down the cell to -40 ºC, 100 L of an acetone 
solution containing the desired amounts of tBuOOH was added (note: the solution of tBuOOH was 
deoxygenated by Ar/vacuum cycles before being injected to the CuI complex). The reaction spectral 





Figure A1.32. UV-vis spectra and evolution of the absorbance recorded in the oxidation of S2-CuI (1 mM) 
with tBuOOH (20 mM) at -40 ºC. Left: addition of tBuOOH (20 mM) to a 1 mM solution of S2-CuI (orange 
spectrum) led to the formation of [(S2)CuII(OOtBu)]+ (brown spectra) that decay to form the hydroxylation 
product (green spectra). Right: evolution of the UV-vis absorbance at 400 nm (brown trace) tracked the 



































 Kinetic analysis was performed by fitting the exponential formation and decay of the different 
copper species at different wavelengths (Figure A1.33). The rates for the formation of LCuII (k1) and 
LCuII(OOR) (k2) could not be calculated because the initial reaction between LCuI and ROOH was very fast 
(t < 5 s). The rate for the decay of the LCuII(OOR) species (k3) was calculated by fitting the spectral changes 





Figure A1.33. Kinetic analysis of the oxidation of S2-CuI with tBuOOH (-40 ºC). (a) Reaction rates 
obtained (kobs: k3) at different initial S2-CuI (0.5 – 3.0 mM) and tBuOOH concentrations (2 – 20 mM). (b) 
Fitting of the kinetic traces obtained in the oxidation of S2-CuI (1 mM, 2 mM, 3 mM and 4 mM) with 
tBuOOH (20 mM) used to calculate the reaction rates k3 (c: decay of S1-CuII(OOtBu), 0-3500 s). Note 1: 
All kinetic measurements were carried out at least three times and the average value is reported. The different kobs 
observed deviate less than 10% from the average kobs value. Note 2: notice that the rates (M s-1) are plotted against 
the concentration of CuI and ROOH. It indicates that the reaction is first-order dependent on the concentration of 
copper and independent of the concentration of oxidant.   
 
4.9.2 Evolution of reaction yield. 
 In the glovebox, 2 mL of an acetone solution containing the desired amounts of S2-CuI were added 
to a 10 mL vial equipped with a stir bar and capped with a rubber septum (4 mM). Outside the glovebox, 
the Cu(I) solution was cooled to the -40 ºC and the desired amount of tBuOOH was added using a syringe 
(20 mM). The reaction was quenched at the desired time by adding 3 mL of an aqueous solution containing 
Na4EDTA (pH = 11). Product extraction and 1H-NMR analysis was carried out as previously described (see 
above for details). The results are summarized in Figure A1.34.  
y = 1888.1x - 0.3932 


















a) Kinetic analysis of the S2-CuI/tBuOOH reaction.  




b) Dependence of the reaction rate k3 (initial rates approx.) on [Cu
I]0 (0.5 – 3 mM).     
y= 0.0018 x - 4x10-7 




















Figure A1.34. Evolution of the hydroxylation yields (C-OH) obtained in the oxidation of S2-CuI with 
tBuOOH (-40 ºC).  
 
4.10 Oxidation of S2-CuI complex with CumOOH.  
Scheme A1.24. Kinetic analysis of the oxidation of S2-CuI with CumOOH (-40 ºC). 
 
 
4.10.1 UV-vis experiments. 
 3 mL of a solution of S2-CuI in acetone were placed in a 10 mm path quartz cell equipped with a 
stir bar and it was capped with a rubber septum. After cooling down the cell to -40 ºC, 100 L of an acetone 
solution containing the desired amounts of CumOOH was added (note: the solution of CumOOH was 
deoxygenated by Ar/vacuum cycles before being injected to the CuI complex). The reaction spectral 



















Time (s) D.I.P.-OH 




250 28 % 
750 30 %  
1500 32 % 
3000 35 % 
	
S2-OH Ti e (s) 




Figure A1.35. UV-vis spectra and evolution of the absorbance recorded in the oxidation of S2-CuI (1 mM) 
with CumOOH (20 mM) at -40 ºC. Left: addition of CumOOH (20 mM) to a 1 mM solution of S2-CuI 
(orange spectrum) led to the formation of [(S2)CuII(OOCum)]+ (brown spectra) that decay to form the 
hydroxylation product (green spectra). Right: evolution of the UV-vis absorbance at 400 nm (brown trace) 




 Kinetic analysis was performed by fitting the exponential formation and decay of the different 
copper species at different wavelengths (Figure A1.36). The rates for the formation of LCuII (k1) and 
LCuII(OOR) (k2) could not be calculated because the initial reaction between LCuI and ROOH was very fast 
(t < 10 s). The rate for the decay of the LCuII(OOR) species (k3) was calculated by fitting the spectral 

































Figure A1.36. Kinetic analysis of the oxidation of S2-CuI with CumOOH (-40 ºC). (a) Reaction rates 
obtained (kobs: k3) at different initial S2-CuI (0.5 – 3.0 mM) and CumOOH concentrations (1 – 20 mM). (b) 
Fitting of the kinetic traces obtained in the oxidation of S2-CuI (1 mM, 2 mM, 3 mM) with CumOOH (20 
mM) used to calculate the reaction rates k3 (c: decay of S1-CuII(OOCum), 0-3500 s). Note 1: All kinetic 
measurements were carried out at least three times and the average value is reported. The different kobs observed 
deviate less than 10% from the average kobs value. Note 2: notice that the rate (M s-1) are plotted against the 
concentration of CuI and ROOH. It indicates that the reaction is first-order dependent on the concentration of copper 
and independent of the concentration of oxidant (ROOH).   
 
4.10.2 Evolution of reaction yield. 
 In the glovebox, 2 mL of an acetone solution containing the desired amounts of S2-CuI were added 
to a 10 mL vial equipped with a stir bar and capped with a rubber septum (4 mM). Outside the glovebox, 
the Cu(I) solution was cooled to the -40 ºC and the desired amount of CumOOH was added using a syringe 
(20 mM). The reaction was quenched at the desired time by adding 3 mL of an aqueous solution containing 
Na4EDTA (pH = 11). Product extraction and 1H-NMR analysis was carried out as previously described (see 





Figure A1.37. Evolution of the hydroxylation yields (C-OH) obtained in the oxidation of S2-CuI with 
CumOOH (-40 ºC).  
  
y = 365x 






















a) Kinetic analysis of the S2-CuI/CumOOH reaction.  b) Dependence of the reaction rate k3 (initial rates approx.) on [Cu
I]0 (1 – 3 mM).     
y= 0.00037 x - 1x10-7 
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4.11 Other oxidations of S1 and S2-derived copper complexes followed by UV-Vis.  
4.11.1 Oxidation of S1/CuI system with O2 under different conditions (temperature, different solvents, etc.). 
Experiments with isolated complexes: 
a) Isolated S1-CuI complex (0.2 mM) at -90 ºC + O2 in acetone. 
b) Isolated S1-CuI complex (1.0 mM) at -90 ºC + O2 in acetone.  
c) Isolated S1-CuI complex (2.0 mM) at -90 ºC + O2 in acetone.  
d) Isolated S1-CuI complex (1.0 mM) at -40 ºC + O2 in acetone. 
e) Isolated S1-CuI complex (1.0 mM) at -90 ºC + O2 in CH2Cl2. 
f) Isolated S1-CuI complex (1.0 mM) at -90 ºC + O2 in THF. 
g) Isolated S2-CuI complex (1.0 mM) at -90 ºC + O2 in acetone. 
Note: in all these oxygenations (a-g), we observed similar spectral changes to the ones found in the oxygenation of S1-
CuI at 0 ºC in acetone and S2-CuI at -40 ºC in acetone. 
 
Generation of the LCuI complexes “in situ” and oxygenation:   
h) In situ experiment: S1 ligand (1 mM) solution in acetone at  -90 ºC + O2 + CuI(CH3CN)4(PF6) (1 mM). 
i) In situ experiment: S1 ligand (1 mM) solution in acetone at  -90 ºC + O2 + CuI(CH3CN)4(B(C6F5)4) (1 mM).  
j) In situ experiment: S1 ligand (0.2 mM) solution in acetone at  -90 ºC + O2 + CuI(CH3CN)4(B(C6F5)4) (0.2 
mM). 
k) In situ experiment: S1 ligand (0.2 mM) solution in THF at  -90 ºC + O2 + CuI(CH3CN)4(B(C6F5)4) (0.2 mM). 
l) In situ experiment: S1 ligand (0.2 mM) solution in CH2Cl2 at  -90 ºC + O2 + CuI(CH3CN)4(B(C6F5)4) (0.2 
mM). 
m) In situ experiment: S1 ligand (1.0 mM) solution in MeTHF at  -135 ºC + O2 + CuI(CH3CN)4(B(C6F5)4) (1.0 
mM). 
n) In situ experiment: S1 ligand (1.0 mM) solution in MeTHF at  -135 ºC + O2 + CuI(CH3CN)4(B(C6F5)4) (1.0 
mM).  
o) In situ experiment: S2 ligand (1.0 mM) solution in MeTHF at  -135 ºC + O2 + CuI(CH3CN)4(B(C6F5)4) (1.0 




Note: in all these oxygenations (h-o), we observed initial formation of the LCuI complex followed by spectral changes 





Figure A1.38. UV-vis spectra and evolution of the absorbance recorded in the oxidation of S2-CuI (1 mM, 
generated in situ) with O2 at -135 ºC in MeTHF. Addition of CuI (1 mM) to a 1 mM solution of S1 (black 
spectrum) led to the formation of the S2-CuI complex (orange spectrum). Addition of dioxygen led to the 
slow decay of S2-CuI complex to the putative S2-CuII complex (grey spectrum, 500 nm). When the 
reaction mixture was warmed up, full formation of the oxidation products was observed (green spectrum).  
 
4.11.2 Oxidation of LCuI complexes with ROOH (low ROOH concentrations). 
 3 mL of a solution of S1-CuI in acetone were placed in a 10 mm path quartz cell equipped with a 
stir bar and it was capped with a rubber septum. After cooling down the cell to 0 ºC, 100 L of an acetone 
solution containing the desired amounts of H2O2 (2 mM) was added (note: the solution of H2O2 was 
deoxygenated by Ar/vacuum cycles before being injected to the CuI complex). The reaction spectral 
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Figure A1.39. UV-vis spectra and evolution of the absorbance recorded in the oxidation of S1-CuI (1 mM) 
with H2O2 (2 mM) at 0 ºC. Addition of H2O2 (2 mM) to a 1 mM solution of S1-CuI (orange spectrum) led to 
the stepwise formation of S2-CuII(X) (grey spectrum, 500 nm) and [(S1)CuII(OOH)]+ (brown spectra) that 
decayed to form the hydroxylation product (green spectra). Inset: evolution of the UV-vis absorbance at 
500 nm (grey trace), 450 nm (brown trace) and their difference (450 - 500 nm, black trace) tracked the 
formation and decay of S1-CuII [(S1)CuII(OOH)]+. Note: S2-CuII(X) (X: HO-, solvent).  
 
4.11.3 Oxidation of LCuI complexes with ROOR. 
3 mL of a solution of S1-CuI in acetone were placed in a 10 mm path quartz cell equipped with a stir bar 
and it was capped with a rubber septum. After cooling down the cell to 0 ºC, 100 L of an acetone solution 
containing the desired amounts of tBuOOtBu (20 mM) was added (note: the solution of tBuOOtBu was 
deoxygenated by Ar/vacuum cycles before being injected to the CuI complex). The reaction spectral 




































Figure A1.40. UV-vis spectra and evolution of the absorbance recorded in the oxidation of S1-CuI (1 mM) 
with tBuOOtBu (20 mM) at 0 ºC. Addition of tBuOOtBu (20 mM) to a 1 mM solution of S1-CuI (orange 
spectrum) led to the formation of S1-CuII(X) (blue spectra, 610 nm). Inset: evolution of the UV-vis 
absorbance at 610 nm (blue trace), tracked the formation and decay of S1-CuII(X). Note: S1-CuII(X) (X: 
solvent, tBuO-).  
 
 
4.11.4 Oxidation of LCuII complexes with ROOH and NEt3. 
 3 mL of a solution of S1-CuI in acetone were placed in a 10 mm path quartz cell equipped with a 
stir bar and it was capped with a rubber septum. After cooling down the cell to 0 ºC, 100 L of an acetone 
solution containing the desired amounts of H2O2 (20 mM) and a solution of NEt3 (1 mM) were added 
sequentially (note: the solutions of H2O2 and NEt3 were deoxygenated by Ar/vacuum cycles before being 
injected to the CuI complex). The reaction spectral changes were recorded every 2 seconds for 3000 














































Figure A1.41. UV-vis spectra and evolution of the absorbance recorded in the oxidation of S1-CuII (1 
mM) with H2O2 (20 mM) in the presence of NEt3 (1 mM) at 0 ºC. To a 1 mM solution of S1-CuI (blue 
spectrum), H2O2 (20 mM) was added (blue spectrum) followed by addition of NEt3 led to the formation of 
[S1-CuII(OOH)]+ (brown spectra) and its decay to the hydroxylation product (green spectra). Inset: 
evolution of the UV-vis absorbance at 450 nm (brown trace), tracked the two-step decay of [S1-
CuII(OOH)]+ (identical to the decay observed in the reaction between S1-CuI and H2O2).  
 
4.12 Summary of the UV-vis features of the putative LCuII(OOR) complexes (Table A1.17). 
Table A1.18. Summary of the UV-vis features of the putative LCuII(OOR) species.  
Putative LCuII(OOR) species Temperature max  (nm)  (M-1 cm-1) 
[(S1)CuII(OOH)]+ 0 ºC 370 1800 
[(S1)CuII(OOtBu)]+ 0 ºC 375 1200 
[(S1)CuII(OOCum)]+ 0 ºC 380 1300 
[(S2)CuII(OOH)]+ -40 ºC 380 1600 
[(S2)CuII(OOtBu)]+ -40 ºC 375 1100 
[(S2)CuII(OOCum)]+ -40 ºC 380 1400 
 
 
4.13 EPR measurements.   
 In the glovebox, 0.5 mL of an acetone solution containing the desired amounts of S1-CuI or S2-CuI 
were added to a 10 mL 7-inch, 5 mm o.d. quartz tube (2 mM). Outside the glovebox, dry dioxygen (or 
ROOH) was added to the solution after being cooled to the desired temperature (0 ºC for S1, -40 ºC for S2) 
and the sample was subsequently frozen with liquid N2. The spectra were recorded at 20K. The samples 
were warmed up at room temperature and after 30 minutes, they were frozen again and the spectra was 
measured, in order to evaluate the spectral changes upon decay of the LCuII(OOR) species (Figure A1.42-
A1.43). Note: the EPR measurements for samples generated at low temperature (-90 °C) were similar to the ones 













































Figure A1.42. EPR characterization of the reaction intermediates (grey and brown spectra) and final 
reaction products (green spectra) derived from the oxidation of S1-CuI with O2 (A), H2O2 (B), tBuOOH (C), 






Figure A1.43. EPR characterization of the reaction intermediates (grey and brown spectra) and final 
reaction products (green spectra) derived from the oxidation of S1-CuI with O2 (A), H2O2 (B), tBuOOH (C), 
and CumOOH (D). Samples measured in acetone at 20K. 
 
 The spectra of the isolated [(S1)CuII(H2O)2(CF3SO3)]+ and [(S2)CuII(H2O)2(CF3SO3)]+ complexes 
were also measured. The spectra of the  [(S1)CuII(OOH)]+ and [(S2)CuII(OOH)]+ intermediates derived from 
the reaction of the LCuII complexes (2 mM) with H2O2 (20 mM) and NEt3 (1 mM) were also recorded and 
compared to the ones obtained in the reaction between the LCuI complexes and H2O2 (Figure A1.44). Note: 
the intensity of the EPR spectra of the generated LCuII(solvent), LCuII(OOR) and decay products was comparable (50-
100%) to signal obtained for the independently synthesized [LCuII(H2O)2(CF3SO3)]+ complexes. The decrease in 
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intensity of some samples might be due to unreacted LCu(I) complex and/or formation of dimeric Copper(II) species 




Figure A1.44. EPR characterization of the reaction intermediates (brown spectra) and final reaction 
products (green spectra) derived from the oxidation of S1-CuII (top, blue spectrum) and S2-CuII (bottom, 
blue spectrum) with H2O2 and NEt3, compared to the spectra obtained in the reaction between the 
corresponding LCuI and H2O2.  
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4.14 ESI-MS measurements.   
 In the glovebox, 1 mL of an acetone solution containing S1-CuI (2 mM) were added to a 10 mL vial 
equipped with a rubber septum. Outside the glovebox, dry dioxygen (or the desired ROOH oxidant) was 
added to the solution after being cooled to 0 ºC. The resulting solution was rapidly injected in the ESI-MS 
instrument. The reaction crude was warmed up and the resulting solution was analyzed. Unfortunately, we 
were unable to detect the [(S1)CuII(OOR)]+ species. However, we were able to analyze the final oxidation 
products (see below). 
 
 In the oxidation of S1-CuI with O2 (Figure A1.45A) we observed signals at 787.2 and 789.2 m/z 
that corresponded to the formation of the [(S1-O-)(S1)CuII2(OH)(PF6)]+ species. When the reaction was 
carried out with labeled 18O2 (in red), we observed a shift of two units of the signals (789.2 and 791.2 m/z) 
that corresponded to the [(S1-18O-)(S1)CuII2(OH)(PF6)]+ species (in red), suggesting that the oxygen atom 
incorporated in the oxidation product S1-OH (S1-18O-) is derived from O2 reduction. Note: in this case we did 
not observe labeled oxygen in the (OH) group of the complex [(S1-O-)(S1)CuII2(OH)(PF6)]+.  
 
 In the oxidation of S1-CuI with H2O2 (Figure A1.45B) we observed signals at 938.3 and 940.3 m/z 
that corresponded to the [(S1-O-)(S1)CuII2(OH)(H2O2)(CH3)2CO)2(PF6)]+ species (in blue). When the 
reaction was carried out with labeled H218O2 (in red), we observed a shift of eight units of the signals (946.3 
and 948.3 m/z) that corresponded to the [(S1-18O-)(S1)CuII2(18OH)(H218O2)(CH3)2CO)2(PF6)]+ complex, 
suggesting that the oxygen atom incorporated in the oxidation product S1-OH (S1-18O-) is derived from the 
decay of the [(S1)CuII(OOH)]+ intermediate. Note: in this case we observed labeled oxygen in the (OH) and (H2O2) 
groups of the complex [(S1-O-)(S1)CuII2(OH)(H2O2)(CH3)2CO)2(PF6)]+.      
 
 In the oxidation of S1-CuI with tBuOOH (Figure A1.45C) we observed a signal at 391.2 m/z that 
corresponded to the [(S1-O-)CuIII(tBuO-)]+ complex. Analogously, in the oxidation of S1-CuI with CumOOH 
(Figure A1.41D) we observed a signal at 455.2 m/z that corresponded to the [(S1-O-)CuIII(CumO-)]+ 
complex. Note: we notice that the formal oxidation state of the copper ion in the final products is +3. We suggest that 





Figure A1.45. ESI-MS spectra for the oxidation of S1-CuI with: (A) 16O2 (18O2 in red); (B) H216O2  (H218O2 
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4.15 O-O cleavage mechanism. Analysis of the decay products for [(S1)CuII(OOCum)]+ and  
[(S2)CuII(OOCum)]+ reaction  
 In the glovebox, 4 mL of an acetone solution containing the desired amounts of S1-CuI or S2-CuI 
were added to a 10 mL vial equipped with a stir bar and capped with a rubber septum (4 mM). Outside the 
glovebox, the vial was cooled to the desired temperature (if required) and 100 L of an acetone solution 
containing CumOOH (8 mM) was added (note: the solution of CumOOH was deoxygenated by Ar/vacuum 
cycles before being injected to the CuI complex). After 30 minutes, 0.5 mL of the crude reaction were 
quenched by addition of PPh3 (to quench excess of ROOH), internal standard was added (biphenyl, 400 
mM) and the solution was analyzed by GC (acetophenone and CumOH quantification). 3 mL of the reaction 
crude were quenched by adding 3 mL of an aqueous solution containing Na4EDTA (pH = 11). Product 
extraction and 1H-NMR analysis was carried out as previously described (analysis of S1-OH or S2-OH 
formation, see above for details). The results are summarized in Table A1.19.  
 
Table A1.19. Oxidation of S1-CuI and S2-CuI with CumOOH at different temperatures. 
Quantification of CumOH vs. acetophenone to determine the O-O cleavage mechanism. 
Comparison with the results obtained in the intermolecular oxidations of cyclohexane with 
CumOOH at 20 ºC.  
System Temperature S1-OH (%) S2-OH (%) CumOH (%) Acetophenone (%) Intermol. Total (%) 
S1-CuI -40 ºC 8 - 97 3 - 
S1CuI 0 ºC 14 - 83 17 - 
S1-CuI 20 ºC 25 - 72 28 25 
S2-CuI -40 ºC - 36 96 3 - 
S2-CuI 0 ºC - 31 93 7 - 









4.16 Intermolecular oxidation experiments. Oxidation of copper complexes under different 
conditions in the presence of external substrates.  
 In the glovebox, 4 mL of an acetone solution containing the desired amounts of S1-CuI or S2-CuI 
were added to a 10 mL vial equipped with a stir bar and capped with a rubber septum (4 mM). Outside the 
glovebox, the external substrate (cyclohexane or 1,2-cis-DMCH, 400 mM) and oxidant (O2 or ROOH) were 
injected sequentially to the copper(I) solution. 0.5 mL of the crude reaction were quenched by addition of 
PPh3 (to quench excess of ROOH), internal standard was added (biphenyl, 400 mM) and the solution was 
analyzed by GC. 3 mL of the reaction crude were quenched by adding 3 mL of an aqueous solution 
containing Na4EDTA (pH = 11). Product extraction and 1H-NMR analysis was carried out as previously 
described (analysis of S1-OH or S2-OH formation, see above for details). The results are summarized in 
Table A1.20 and Table A1.21.  
 
Table A1.20. Oxidation of S1-CuI under different conditions in the presence of cyclohexane and 
1,2-cis-dimethylcyclohexane (1,2-cis-DMCH).   





O2 none 27 - - - - - - 
O2 cyclohexane 22 0 0.5 - - 0.5 0.02 
O2 1,2-cis-
DMCH 
25 - - 0.2 0.2 0.4 0.02 
H2O2            none 49 - - - - - - 
H2O2            cyclohexane 47 11.2 1.3 - - 12.5 0.21 
H2O2            1,2-cis-
DMCH 
49 - - 5.5 6.8 12.3 0.20 
tBuOOH            none 19 - - - - - - 
tBuOOH            cyclohexane 25 5.9 0.8 - - 6.7 0.21 
tBuOOH            1,2-cis-
DMCH 
24 -  - 4.8 5.5 10.3 0.30 
CumOOH            none 23 - - - - - - 
CumOOH            cyclohexane 20 25 0 - - 25 0.56 
CumOOH            1,2-cis-
DMCH 
19 -  - 12.6 15 27.6 0.59 
*A1: cyclohexanol, K1: cyclohexanone, A2: trans-1,2-OH, A3: cis-1,2-OH 
 
Table A1.21. Oxidation of S2-CuI with different oxidants in the presence of cyclohexane and 1,2-
cis-dimethylcyclohexane (1,2-cis-DMCH).   





O2 none 57 - - - - - - 
O2 cyclohexane 50 0 0.4 - - 0.4 0.01 
O2 1,2-cis-DMCH 47 - - 0.2 0.2 0.4 0.01 
H2O2            none 66 - - - - - - 
H2O2            cyclohexane 56 1.4 0.3 - - 1.7 0.03 
H2O2            1,2-cis-DMCH 56 - - 2.6 3.5 6.1 0.10 
tBuOOH            none 30 - - - - - - 
tBuOOH            cyclohexane 22 7.1 0.8 - - 7.9 0.26 
tBuOOH            1,2-cis-DMCH 22 -  - 4.5 5.3 9.8 0.31 
CumOOH            none 35 - - - - - - 
CumOOH            cyclohexane 32 25 0 - - 25 0.56 
CumOOH            1,2-cis-DMCH 34 -  - 11.9 15 26.9 0.44 




4.17 Radical trap experiments. Oxidation of copper complexes under different conditions in the 
presence of halogenated solvents (CCl4 and CCl3Br).   
 
 In the glovebox, 4 mL of an acetone solution containing the desired amounts of S1-CuI or S2-CuI 
were added to a 10 mL vial equipped with a stir bar and capped with a rubber septum (4 mM). Outside the 
glovebox, the desired halogenated solvent (CCl4 or CCl3Br, 400 mM) and oxidant (O2 or ROOH) were 
injected sequentially to the copper(I) solution. The reaction crude was quenched by adding 3 mL of an 
aqueous solution containing Na4EDTA (pH = 11). Product extraction and 1H-NMR analysis was carried out 
as previously described (analysis of S1-OH, S1-Br and S1-Cl or S2-OH, S2-Br and S2-Cl formation, see 
below). The results are summarized in Table A1.22 and Table A1.23. 
  
1H-NMR (CDCl3) S1: 4.60 (m, 2H, NCH2Py), 2.45 (m, 2H, CH2).   
1H-NMR (CDCl3) S1-OH: 4.07 (d, 1H, CH2OH), 3.65 (d, 1H, CH2OH), 2.55 (m, 2H, CH2).   
1H-NMR (CDCl3) S1-Cl: 3.95 (d, 1H, CH2Cl), 3.76 (d, 1H, CH2Cl). 
1H-NMR (CDCl3) S1-Br: 3.89 (d, 1H, CH2Br), 3.58 (d, 1H, CH2Br). 
 
1H-NMR (CDCl3) S2: 5.37 (s, 1H, C=CH), 4.65 (m, 2H, NCH2Py). 
1H-NMR (CDCl3) S2-OH: 3.86 (m, 1H, CH-OH). Note: a minor fraction (<10%) of the hydrolyzed product 
(P2) was also detected (P2: 3.81 (m, 1H, CH-OH)).  
1H-NMR (CDCl3) S2-Cl: 4.01 (m, 1H, CH-Cl). 
1H-NMR (CDCl3) S2-Br: 4.13 (m, 1H, CH-Br). 
 
Table A1.22. Oxidation of S1-CuI with different oxidants in the presence of CCl4 and CCl3Br.   
Oxidant Radical trap S1-OH (%) S1-Cl (%) S1-Br (%) Total S1-X (%) 
(S1-X)/(S1-OH 
+ S1-X) 
O2 none 27 - - - - 
O2 CCl4 12 3.6 - 3.6 0.23 
O2 CCl3Br 5 0.6 15 15.6 0.67 
H2O2            none 49 - - - - 
H2O2            CCl4 45 5.4 - 5.4 0.13 
H2O2            CCl3Br 23 12 16 28 0.54 
tBuOOH            none 19 - - - - 
tBuOOH            CCl4 11 5.6 - 5.6 0.34 
tBuOOH            CCl3Br 9 2.8 9.7 12.5 0.58 
CumOOH            none 23 - - - - 
CumOOH            CCl4 13 4.7 - 4.7 0.27 






Table A1.23. Oxidation of S2-CuI with different oxidants in the presence of CCl4 and CCl3Br.   
Oxidant Radical trap S2-OH (%) S2-Cl (%) S2-Br (%) Total S2-X (%) 
(S2-X)/(S2-
OH + S2-X) 
O2 none 57 - - - - 
O2 CCl4 36 14.7 - 14.7 0.29 
O2 CCl3Br 25 1.2 12.2 13.4 0.35 
H2O2            none 66 - - - - 
H2O2            CCl4 46 16 - 16 0.26 
H2O2            CCl3Br 52 10.7 13.6 24.3 0.32 
tBuOOH            none 21 - - - - 
tBuOOH            CCl4 14 8.7 - 8.7 0.38 
tBuOOH            CCl3Br 12 8.2 12 20.2 0.62 
CumOOH            none 26 - - - - 
CumOOH            CCl4 20 13.8 - 13.8 0.41 
CumOOH            CCl3Br 19 11.2 11.4 22.6 0.55 
 
5. New oxidative methodology (CuII/H2O2).  
5.1 General procedure for the copper-mediated C–H oxidation. 
 Copper(II) nitrate trihydrate (67 mg, 0.275 mmol, 1.1 equiv.) and imine (0.25 mmol) were added to 
a reaction flask followed by THF (1.25 mL) at room temperature without any precautions to exclude air or 
moisture. The heterogeneous mixture was stirred vigorously for 30 min during which all the solids initially 
dissolved giving a deep blue solution, followed by the formation of a heavy pale blue precipitate. Hydrogen 
peroxide (0.13 mL, 1.25 mmol, 5.0 equiv, 30wt% in H2O) was then added to the reaction mixture slowly 
dropwise which resulted in the dissolution of the precipitate to give a blue green solution. This was typically 
accompanied by a slight exotherm and the formation of gas. The reaction mixture was then stirred for 60 
min at room temperature. Then, EtOAc (1.0 mL) and saturated aqueous Na4EDTA (1.0 mL, pH ~ 10) were 
added and the reaction mixture was stirred for 15 h. The layers were separated. The aqueous layer was 
extracted with EtOAc (5 x 2 mL) and the combined organics dried over sodium sulfate and concentrated in 
vacuo. The crude product was purified by flash column chromatography (SiO2, hexanes:EtOAc) to afford 
product. 
 
Extra Notes while running reaction: 
 On small scale, it is critical to ensure all the reactants were suspended in the solvent; the use of a 
steep walled reaction tube is recommended. The reaction flasks were usually capped during the stirring 
stages of the reaction to reduce solvent loss by evaporation. No appreciable decrease in reaction yields 
was observed when the reaction was left exposed to the atmosphere. For certain substrates, it is critical to 
ensure that sufficient EtOAc washes were carried out to fully extract the products from the aqueous phase; 












Compound P2. The reaction was carried out on 0.25 mmol scale using 95 mg of the imine according to 
the General Procedure. The pale yellow crude product was dry loaded onto SiO2 and purified by flash 
column chromatography (SiO2, 1:1 hexanes:EtOAc to 1:3 hexanes:EtOAc) to give the product as a white 
powder (70.6 mg, 0.232 mmol, 93%). 
 
 The reaction was also carried out on 5.0 mmol scale using 1.893 g of the imine, 1.032 g of copper(II) 
nitrate trihydrate, 25.0 mL of THF and 2.55 mL of 30% aqueous H2O2 according to the General Procedure. 
The extractions (with 10 mL of EtOAc) after reaction quench was monitored by TLC analysis of the aqueous 
phase to ensure no product remains. The crude compound after removal of solvent was dry loaded onto 
SiO2 and purified by flash column chromatography (SiO2, 1:1 hexanes:EtOAc to 1:3 hexanes:EtOAc) to 
give the product as a white powder (1.22 g, 4.02 mmol, 80%). 





Compound P3. The reaction was carried out on 0.25 mmol scale using 95 mg of the imine according to 
the General Procedure. The pale yellow crude product was dry loaded onto SiO2 and purified by flash 
column chromatography (SiO2, 1:1 hexanes:EtOAc to 1:3 hexanes:EtOAc) to give the product as a white 





Compound P4. The reaction was carried out on 0.25 mmol scale using 123 mg of the imine according to 
the General Procedure. The pale yellow crude product was dry loaded onto SiO2 and purified by flash 
column chromatography (SiO2, 1:1 hexanes:EtOAc) to give the product as a white powder (85.0 mg, 0.203 







Compound P5. The reaction was carried out on 0.25 mmol scale using 94 mg of the imine according to 
the General Procedure. The pale yellow crude product was dry loaded onto SiO2 and purified by flash 
column chromatography (SiO2, 1:1 hexanes:EtOAc to 1:3 hexanes:EtOAc) to give the product as a white 




Compound P1. Copper(II) nitrate trihydrate (58 mg, 0.24 mmol, 0.95 equiv) was added to a solution of 
camphor picolyl imine (61 mg, 0.25 mmol) in THF (2.5 mL) at room temperature and stirred for 15 min. The 
reaction mixture was then heated to 50 °C. Hydrogen peroxide (0.26 mL, 2.5 mmol, 10.0 equiv, 30wt% in 
H2O) was then added to the reaction mixture dropwise and stirred at 50 °C for 4.5 h. The reaction mixture 
was then cooled to room temperature, EtOAc (1.0 mL) and saturated aqueous Na4EDTA (1.0 mL, pH ~ 10) 
were added and the reaction mixture was stirred for 15 h. The layers were separated. The aqueous layer 
was extracted with EtOAc (3 x 1 mL), dried over anhydrous sodium sulfate, and concentrated in vacuo. The 
crude product was purified by flash column chromatography (silica, 1:1 hexanes:EtOAc) to afford the 
product as a white solid (48 mg, 0.185 mmol, 74%). Spectroscopic data was identical to that reported in the 
literature.35 
 
5.3 Experimental procedure for the copper-mediated C–H oxidation: solvent effect.  
 The appropriate copper salt (0.11 mmol, 1.1 equiv) and DHEA picolyl imine (38 mg, 0.10 mmol) 
were added to a reaction tube followed by the solvent of choice (0.50 mL, 0.2 M). The reaction was stirred 
vigorously at room temperature for 30 min. Then, 30% H2O2 (0.50 mmol, 5.0 equiv.) was added to the 
reaction mixture dropwise (Caution: an exothermic reaction and evolution of gas can occur). The reaction 
mixture was stirred at room temperature for 90min. EtOAc (1.0 mL) and saturated aqueous Na4EDTA (1.0 
mL, pH ~ 10) were added to the reaction mixture and stirred for 1 h. The layers were separated. The 
aqueous layer was extracted with EtOAc (3 x 1 mL), dried over anhydrous sodium sulfate, and concentrated 
in vacuo.  
 
NMR yields were determined from the crude reaction mixture using a stock solution of styrene as internal 




Table A1.24. Oxidation of S2 with copper(II) and H2O2: solvent screening.  
 









Cu(NO3)2·3H2O Acetone 90 min 30% H2O2 77% 9% 86% 
Cu(NO3)2·3H2O Acetone/MeOH (1:1) 90 min 30% H2O2 81% 13% 94% 
Cu(NO3)2·3H2O Acetone/MeOH (3:1) 90 min 30% H2O2 87% 13% 100% 
Cu(NO3)2·3H2O MeOH 90 min 30% H2O2 87% 8% 95% 
Cu(NO3)2·3H2O DCM 90 min 30% H2O2 42% 0% 42% 
Cu(NO3)2·3H2O THF 90 min 30% H2O2 99% 1% 100% 
Cu(NO3)2·3H2O 1,4-dioxane 90 min 30% H2O2 87% 4% 91% 
Cu(NO3)2·3H2O DMF 90 min 30% H2O2 54% 4% 58% 
Cu(NO3)2·3H2O PhMe 90 min 30% H2O2 33% 25% 58% 
Cu(NO3)2·3H2O EtOAc 90 min 30% H2O2 61% 5% 61% 
Cu(OTf)2 Acetone 90 min 30% H2O2 64% 13% 77% 
Cu(OTf)2 Acetone/MeOH (1:1) 90 min 30% H2O2 57% 18% 75% 
Cu(OTf)2 Acetone/MeOH (3:1) 90 min 30% H2O2 55% 16% 71% 
Cu(OTf)2 MeOH 90 min 30% H2O2 60% 21% 81% 
Cu(OTf)2 DCM 90 min 30% H2O2 42% 11% 53% 




5.4 Experimental procedure for the copper-mediated C–H oxidation: copper source screen.  
 The appropriate copper salt (0.11 mmol, 1.1 equiv) and DHEA picolyl imine (38 mg, 0.10 mmol) 
were added to a reaction tube followed by the solvent of choice (0.50 mL, 0.2 M). The reaction was stirred 
vigorously at room temperature for 30 min. Then, the appropriate peroxide (0.50 mmol, 5.0 equiv.) was 
added to the reaction mixture dropwise/slowly (Caution: an exothermic reaction and evolution of gas can 
occur). The reaction mixture was stirred at room temperature for 30 to 120 min. EtOAc (1.0 mL) and 
saturated aqueous Na4EDTA (1.0 mL, pH ~ 10) were added to the reaction mixture and stirred for 1 h. The 
layers were separated. The aqueous layer was extracted with EtOAc (3 x 1 mL), dried over anhydrous 
sodium sulfate, and concentrated in vacuo.  
 
NMR yields were determined from the crude reaction mixture using a stock solution of styrene as internal 





Table A1.25. Oxidation of S2 with copper(II) and H2O2: copper source screening.  
 







Cu(OTf)2 Acetone 30 min urea H2O2 complex 48% 19% 67% 
Cu(OAc)2·H2O Acetone 30 min urea H2O2 complex 27% 37% 64% 
CuCl2·2H2O Acetone 30 min urea H2O2 complex 4% 89% 93% 
Cu(NO3)2·3H2O Acetone 30 min urea H2O2 complex 71% 18% 89% 
CuSO4·5H2O Acetone 30 min urea H2O2 complex 20% 70% 90% 
CuCO3 Acetone 30 min urea H2O2 complex 0% 97% 97% 
Cu(II) 2-ethylhexanoate Acetone 30 min urea H2O2 complex 17% 53% 70% 
CuF2 Acetone 30 min urea H2O2 complex 4% 87% 91% 
Cu(OTf)2 Acetone 30 min 30% H2O2 57% 25% 82% 
Cu(OAc)2·H2O Acetone 30 min 30% H2O2 25% 49% 74% 
CuCl2·2H2O Acetone 30 min 30% H2O2 0% 98% 98% 
Cu(NO3)2·3H2O Acetone 30 min 30% H2O2 71% 18% 89% 
CuSO4·5H2O Acetone 30 min 30% H2O2 38% 56% 94% 
CuCO3 Acetone 30 min 30% H2O2 6% 79% 85% 
Cu octanoate Acetone 30 min 30% H2O2 14% 51% 65% 
CuF2 Acetone 30 min 30% H2O2 42% 35% 77% 





5.5 Experimental procedure for the copper-mediated C–H oxidation: peroxide screen.  
 Copper (II) nitrate trihydrate (0.11 mmol, 1.1 equiv) and DHEA picolyl imine (38 mg, 0.10 mmol) 
were added to a reaction tube followed by acetone (0.50 mL, 0.2 M). The reaction was stirred vigorously at 
room temperature for 30 min. Then, the appropriate peroxide (0.50 mmol, 5.0 equiv.) was added to the 
reaction mixture dropwise/slowly (Caution: an exothermic reaction and evolution of gas can occur). The 
reaction mixture was stirred at room temperature for 120 min. EtOAc (1.0 mL) and saturated aqueous 
Na4EDTA (1.0 mL, pH ~ 10) were added to the reaction mixture and stirred for 1 h. The layers were 
separated. The aqueous layer was extracted with EtOAc (3 x 1 mL), dried over anhydrous sodium sulfate, 
and concentrated in vacuo.  
 
NMR yields were determined from the crude reaction mixture using a stock solution of styrene as internal 





Table A1.26. Oxidation of S2 with copper(II) and H2O2: peroxide screening.  
 







Cu(NO3)2·3H2O Acetone 120 min tBuOOH (70% aq) 0% 100% 100% 
Cu(NO3)2·3H2O Acetone 120 min tBuOOH (decane) 0% 68% 68% 
Cu(NO3)2·3H2O Acetone 120 min lauroyl peroxide 0% 86% 86% 
Cu(NO3)2·3H2O Acetone 120 min 2-butanone peroxide 0% 84% 84% 
Cu(NO3)2·3H2O Acetone 120 min mCPBA 0% 0% 0% 
Cu(NO3)2·3H2O Acetone 120 min benzyl peroxide 0% 60% 60% 
Cu(NO3)2·3H2O Acetone 120 min Cumene hydroperoxide 
(CumOOH) 
0% 59% 59% 












5.6 Experimental procedure for the copper-mediated C–H oxidation: conditions screen for S1 
oxidation.  
Experimental Procedure (room temperature). The appropriate copper salt and camphor picolyl imine (20 
mg, 0.10 mmol) were added to a reaction tube followed by THF. The reaction was stirred vigorously at room 
temperature for 15 min. Then, 30% H2O2 was added to the reaction mixture dropwise (Caution: an 
exothermic reaction and evolution of gas can occur). The reaction mixture was stirred at room temperature 
for 4.5 h. EtOAc (1.0 mL) and saturated aqueous Na4EDTA (1.0 mL, pH ~ 10) were added to the reaction 
mixture and stirred for 15 h. The layers were separated. The aqueous layer was extracted with EtOAc (3 x 
1 mL), dried over anhydrous sodium sulfate, and concentrated in vacuo. NMR yields were determined from 
the crude reaction mixture using a stock solution of styrene as internal standard. 
 
Experimental Procedure (heated to 50 °C): The appropriate copper salt and camphor picolyl imine (20 mg, 
0.10 mmol) were added to a reaction tube followed by THF. The reaction was stirred vigorously at room 
temperature for 15 min. The reaction mixture was heated to 50 °C. Then, 30% H2O2 was added slowly to 
the reaction mixture dropwise (Caution: an exothermic reaction and evolution of gas can occur). The 
reaction mixture was stirred at 50 °C for 4.5 h. The reaction mixture was then cooled to room temperature. 
EtOAc (1.0 mL) and saturated aqueous Na4EDTA (1.0 mL, pH ~ 10) were added to the reaction mixture 
and stirred for 15 h. The layers were separated. The aqueous layer was extracted with EtOAc (3 x 1 mL), 
dried over anhydrous sodium sulfate, and concentrated in vacuo. NMR yields were determined from the 





Table A1.27. Oxidation of S1 with copper(II) and H2O2: optimization.  
 







Cu(NO3)2·3H2O (0.85) 4.5 h 23 °C 5.0 0.25 M 71% 21% 92% 
Cu(NO3)2·3H2O (1.2) 4.5 h 23 °C 5.0 0.25 M 40% 56% 96% 
Cu(NO3)2·3H2O (1.6) 4.5 h 23 °C 5.0 0.25 M 38% 56% 94% 
Cu(NO3)2·3H2O (2.3) 4.5 h 23 °C 5.0 0.25 M 29% 70% 99% 
Cu(NO3)2·3H2O (0.85) 4.5 h 23 °C 10.0 0.25 M 55% 18% 73% 
Cu(NO3)2·3H2O (0.85) 4.5 h 23 °C 15.0 0.25 M 72% 14% 86% 
Cu(NO3)2·3H2O (1.2) 4.5 h 50 °C 5.0 0.25 M 62% 16% 78% 
Cu(OTf)2 (1.2) 4.5 h 50 °C 5.0 0.10 M 52% 12% 64% 
Cu(MeCN)4PF6 (1.2) 4.5 h 50 °C 5.0 0.10 M 44% 26% 70% 
Cu(NO3)2·3H2O (0.85) 4.5 h 50 °C 5.0 0.25 M 75% 10% 85% 
Cu(NO3)2·3H2O (0.85) 4.5 h 50 °C 10.0 0.10 M 64% 13% 77% 
Cu(NO3)2·3H2O (0.95) 4.5 h 50 °C 10.0 0.10 M 81% 12% 93% 
Cu(NO3)2·3H2O (1.0) 4.5 h 50 °C 10.0 0.10 M 80% 10% 90% 
Cu(NO3)2·3H2O (1.2) 1.0 h 50 °C 10.0 0.10 M 65% 24% 89% 
Cu(NO3)2·3H2O (1.2) 4.5 h 50 °C 10.0 0.10 M 78% 22% 100% 
a Reaction Conditions: Camphor picolyl imine (20 mg, 0.10 mmol), Cu salt, 30% H2O2, THF.  
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6. 1H-NMR spectra of CuI complexes 
 
 







































Supporting Information for Copper Directed sp2 β-hydroxylation and sp3 ɣ/β-hydroxylation using 
Stoichiometric Amounts of Cu and H2O2 
1. Experimental section 
Physical methods and materials reagents: All reagents and solvents were purchased at the highest level 
of purity and used as received except as noted. All substrate-containing ligands were synthesized as 
previously reported. Solvents were purified and dried by passing through an activated alumina purification 
system (INERT Pure Solv) or by conventional distillation techniques.  
Glovebox: The synthesis of copper complexes were carried out under anaerobic conditions in an Inert I-
LAB Glovebox system.  
UV-vis measurements were carried out by using a Hewlett Packard 8454 diode array spectrophotometer 
with a 10 mm path quartz cell. The spectrometer was equipped with HP Chemstation software and a 
Unisoku cryostat for low temperature experiments.  
NMR spectra were recorded in 7 inch, 5 mm o.d. NMR tubes on a JEOL 500 MHz spectrometer in the 
Department of Chemistry at Southern Methodist University.  
Electrochemical measurements were carried out on a model 620E Electrochemical Workstation (CH 
Instruments).  
Single Crystal X-ray Crystallography: All reflection intensities were measured at 110(2) K using a 
SuperNova diffractometer (equipped with Atlas detector) with either Mo Kα radiation (λ = 0.71073 Å) for  
[(L8)CuI(CH3CN)](PF6), [(L15)CuI(CH3CN)](PF6) or Cu Kα radiation (λ = 1.54178 Å) for [(L1)2CuI](PF6), 
[(L11)2CuI](PF6), [(L16)CuII(CF3SO3)2] and [(L16)CuII(CF3SO3)(H2O)](CF3SO3) under the program 
CrysAlisPro (Version 1.171.36.32, Agilent Technologies, 2013 or Version CrysAlisPro 1.171.39.29c, Rigaku 
OD, 2017). The same program was used to refine the cell dimensions and for data reduction. The structure 
was solved with the program SHELXS-2014/7 (Sheldrick, 2015) and was refined on F2 with SHELXL-2014/7 
(Sheldrick, 2015). Numerical absorption corrections based on gaussian integration over a multifaceted 
crystal model or analytical numeric absorption corrections using a multifaceted crystal model were applied 
using CrysAlisPro. The temperature of the data collection was controlled using the system Cryojet 
(manufactured by Oxford Instruments).  
[(L1)2CuI](PF6): The H atoms were placed at calculated positions using the instructions AFIX 23 or AFIX 
43 with isotropic displacement parameters having values 1.2 Ueq of the attached C atoms.  The structure 
is disordered. Both Cu complex and the PF6− counterion are disordered over two orientations.  The 
occupancy factors of the major components of the disorder refine to 0.635(4) and 0.621(17), respectively. 
[(L8)CuI(CH3CN)](PF6): The H atoms were placed at calculated positions using the instructions AFIX 23, 
AFIX 43 or AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 Ueq of the attached 
C atoms.  The structure is partly disordered. The Cu complex is disordered over two orientations, and the 
occupancy factor of the major component of the disorder refines to 0.6783(14).   The two counterions are 
found at sites of special positions (one on an inversion center, and the other one on a twofold axis), and 
their occupancy factor are constrained to be 0.5.  One of the two counterions is disordered. 
[(L11)2CuI](PF6): The H atoms were placed at calculated positions using the instructions AFIX 23, AFIX 43 
or AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 Ueq of the attached C atoms.  
The structure is ordered. 
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[(L15)CuI(CH3CN)](PF6): The H atoms were placed at calculated positions using the instructions AFIX 23, 
AFIX 43 or AFIX 137 with isotropic displacement parameters having values 1.2 Ueq of the attached C 
atoms. The structure is mostly ordered. The PF6− counterion is found to be slightly disordered over two 
orientations.  The occupancy factor of the major component of the disorder refines to 0.868(9). 
 [(L16)CuII(CF3SO3)2]: The H atoms were placed at calculated positions using the instructions AFIX 23, 
AFIX 43 or AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 Ueq of the attached 
C atoms.  The structure is partly disordered. The occupancy of the ordered lattice acetone solvent molecule 
refines to 0.872(5). The structure contains some small amount of very disordered lattice acetone solvent 
molecules that are found at sites of special positions.  Their contribution has been removed from the final 
refinement using the SQUEEZE procedure in Platon (Spek A.L. Acta Cryst. 2009, D65, 148-155). 
 [(L16)CuII(CF3SO3)(H2O)](CF3SO3): The H atoms were placed at calculated positions (unless otherwise 
specified) using the instructions AFIX 23, AFIX 43 or AFIX 137 with isotropic displacement parameters 
having values 1.2 or 1.5 Ueq of the attached C atoms.  The H atoms attached to O1W/O2W (coordinated 
water molecules) and O1A/O1B were found from difference Fourier maps, and their coordinates were 
refined freely.  The structure is partly disordered. The phenyl group C8B→C13B is disordered over two 
orientations, and the occupancy factor of the major component of the disorder refines to 0.548(17).  The 
occupancy of the ordered Et2O solvent molecule refines to 0.932(6). The structure contains some small 
amount of very disordered lattice Et2O solvent molecules that are not fully occupied.  Their contribution has 
been removed from the final refinement using the SQUEEZE procedure in Platon (Spek, 2009). 
Electron Paramagnetic Resonance: All spectra were acquired on a Bruker EMX 6/1 equipped with a high 
sensitivity cavity. All spectra were acquired in the X-band mode with a peak-to-peak modulation amplitude 
of 10 G and a microwave frequency of 9.294 GHz. The experiments were carried out at 110 K in quartz 
capillary tubes with a total volume of 1 mL. If needed, the signal gain was increased for better visualization 




2. Synthesis of Ligands 
2.1 General Procedure for Ligand Synthesis: 
 
Figure A2.1. General procedure for ligand synthesis. 
 
 In an oven dried flask, 2-picolylamine (2.2 equiv.) was added to ketone (9.85 mmol) and p-
toluenesulfonic acid monohydrate (cat. 20 mg) in toluene (50 mL). The reaction mixture was refluxed under 
argon with a Dean-Stark apparatus until imine formation was complete (24 h). The reaction was cooled to 
room temperature and diluted with diethyl ether (30 mL). The organic layer was washed with saturated 
ammonia chloride (20 mL x 2), saturated aqueous sodium bicarbonate (20 mL), brine (20 mL), and dried 
with sodium sulfate. The final product was isolated under vacuum. Ligands L20 and L21 were synthesized 
as previously decribed.1 The purity of the synthesized ligands was analyzed by 1H-NMR by adding a known 
amount of internal standard (1,3,5-trimethoxybenzene or 1,2-dichloroethane). 
 
2.1.1 Compound L1 
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to benzophenone 
(1.77 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 40 mg) in toluene (50 mL). The reaction 
mixture was refluxed under argon with a Dean-Stark apparatus until imine formation was complete (36 h). 
The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The organic layer was 
washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium bicarbonate (20 mL), 
brine (20 mL), and dried with sodium sulfate. The final product was isolated as a yellow solid (1.1 g, 43% 
yield, 98% pure). 
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.44 (d, 1H), 7.75 (m,1H), 7.63 (dd, 2H), 7.49 (m, 4H), 7.37 (d, 1H), 
7.35 (m, 2H), 7.25 (dd, 2H), 7.19 (m, 1H), 4.59 (s, 2H). 
13C-NMR (Joel 500 MHz, CDCl3): δ 169.73, 160.79, 149.26,139.77, 136.64, 130.29, 128.84, 128.09, 






















2.1.2 Compound L2  
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to 4,4-
dimethoxybenzophenone (2.38 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 20 mg) in 
toluene (50 mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine 
formation was complete (36 h). The reaction was cooled to room temperature and diluted with diethyl ether 
(30 mL). The organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous 
sodium bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product isolated was a 
yellow liquid (3.2 g, 96% yield, 95% pure). 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.43 (d, 1H), 7.71 (m, 1H), 7.57 (m, 2H), 7.55 (d, 1H), 7.15 (m, 3H), 
7.01 (m, 2H), 6.87 (m, 2H), 4.58 (s, 2H), 3.83 (s, 3H), 3.76 (s, 3H). 
13C-NMR (Joel 500 MHz, CD3CN): δ 169.15, 161.12, 158.86, 149.05, 136.36, 130.23, 129.32, 121.87, 
121.63, 114.00, 113.43, 59.37, 55.31. 
 
2.1.3 Compound L3 
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to 4,4- 
dimethylbenzophenone (2.09 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 20 mg) in toluene 
(50 mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation 
was complete (24 h). The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). 
The organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium 
bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product was a yellow liquid 
(1.4 g, 47% yield, 89% pure). 
1H-NMR (Joel 500 MHz, CDCl3): δ 8.43 (d, 1H), 7.69 (t, 1H), 7.62 (d, 1H), 7.48 (m, 3H), 7.29 (m, 2H), 7.16 
(m, 2H), 7.09 (d, 2H), 4.57 (s, 2H), 2.37 (s, 3H), 2.31 (s, 3H).   
13C-NMR (Joel 500 MHz, CDCl3): δ 170.12, 161.02, 149.06, 140.41, 138.49, 137.37, 136.52, 133.68, 





2.1.4 Compound L4 
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to 4,4-
diflourobenzophenone (2.17 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 20 mg) in toluene 
(50 mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation 
was complete (24 h). The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). 
The organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium 
bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product isolated was a yellow 
liquid (2.5 g, 82% yield, 74% pure). 
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.44 (d, 1H), 7.82 (m, 1H), 7.72 (m, 1H), 7.64 (m, 2H), 7.51 (d, 1H), 
7.21-7.29 (m, 3H), 7.22 (m, 1H), 7.10 (m, 2H), 4.59 (s, 2H). 
 
13C-NMR (Joel 500 MHz, CDCl3): δ 167.65, 160.32, 14.20, 136.72, 132.62, 130.69, 129.85, 121.93, 116.07, 
115.55, 115.12, 59.40. 
 
2.1.5 Compound L5 
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to 4,4-
dichlorobenzophenone (2.49 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 20 mg) in toluene 
(50 mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation 
was complete (12 h). The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). 
The organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium 
bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product isolated was a yellow 
liquid (2.9 g, 87% yield, 73% pure). 
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.45 (d, 1H), 7.72 (m, 1H), 7.59 (d, 2H), 7.51 (m, 3H), 7.36 (m, 2H), 
7.22-7.24 (m, 3H), 4.56 (s, 2H). 
 
13C-MR (Joel 500 MHz, CDCl3): δ 167.56, 160.09, 149.26, 137.81, 136.75, 135.11, 134.29, 131.41, 129.91, 









2.1.6 Compound L6 
 
 
 In an oven dried flask, 2-picolylamine (699 g, 6.4 mmol, 2.2 equiv) was added to 4,4-
dibromobenzophenone (1 g, 2.9 mmol) and p-toluenesulfonic acid monohydrate (cat. 10 mg) in toluene (25 
mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation was 
complete (24 h). The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The 
organic layer was washed with saturated ammonia chloride (10 mL x 2), saturated aqueous sodium 
bicarbonate (10 mL), brine (10 mL), and dried with sodium sulfate. The final product isolated was a 
yellow/orange liquid (1.1 g, 88% yield, 74% pure). 
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.44 (s, 1H), 7.73 (t, 1H), 7.64 (m, 3H), 7.50 (m, 4H), 7.17 (m, 3H), 
4.56 (s, 2H). 
 
13C-NMR (Joel 500 MHz, CD3CN): δ 167.65, 160.01, 149.27, 138.16, 136.75, 132.18, 131.52, 130.14, 
129.56, 125.24, 123.33, 121.95, 59.66. 
 
2.1.7 Compound L7  
 
 In an oven dried flask, 2-picolylamine (1.18 mL, 10.8 mmol, 2.2 equiv) was added to 
benzophenone-d10 (0.956 g, 4.92 mmol) and p-toluenesulfonic acid monohydrate (cat. 10 mg) in toluene 
(25 mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation 
was complete (24 h). The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). 
The organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium 
bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product was isolated as a 
yellow oil (1.1 g, 78% yield, 83% pure). 
 
1H-NMR (500 MHz, CD3CN): δ 8.44 (d, 1H), 7.71 (t, 1H), 7.51 (d, 1H), 7.21 (m, 1H), 4.59 (s, 2H).  
 
13C-NMR (500 MHz, CDCl3): δ 169.87, 160.78, 149.11, 139.62, 136.66, 136.30, 128.23,127.48, 127.48, 









2.1.8 Compound L8 
 
 To a stirred suspension of 2-picolylamine (0.9 g, 8.3 mmol, 1 equiv) in molecular sieves in dry 
CH2Cl2 (15mL), benzaldehyde (0.89 g, 8.3 mmol) was added and stirred for 12 hours at room temperature. 
1 M NaOH (10 mL x 2) was to the reaction and the aqueous layer was separated. The aqueous layer was 
washed with CH2Cl2 and the organic layers were combined and dried with MgSO4, filtered, and dried under 
vacuum. The final product was isolated as a pale-yellow liquid (1.1 g, 69% yield, 84% pure).7 
 
2.1.9 Compound L9 
 
 To a stirred suspension of 2-picolylamine (0.9 g, 8.3 mmol, 1 equiv) in molecular sieves in dry 
CH2Cl2 (15 mL), p-tolualdehyde (1.028 g, 8.3 mmol) was added and stirred for 12 hours at room 
temperature. 1 M NaOH (10 mL x 2) was added to the reaction and the aqueous layer was separated. The 
aqueous layer was washed with CH2Cl2 (20 mL) and the organic layers were combined and dried with 
MgSO4, filtered, and dried under vacuum (1.1 g, 63% yield, 86% pure). 
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.57 (d, 1H), 8.42 (s, 1H), 7.66 (m, 1H), 7.64 (d, 2H), 7.38 (d, 1H), 7.25 
(d, 2H), 7.23 (m, 1H), 4.79 (s, 2H), 2.34 (s, 3H). 
 
13C-NMR (Joel 500 MHz, CD3CN): δ 159.93, 149.33, 148.42, 135.16, 129.15, 128.51, 128.20, 127.95, 





2.1.10 Compound L10 
 
 To a stirred suspension of 2-picolylamine (0.9 g, 8.3 mmol, 1 equiv) in molecular sieves in dry 
CH2Cl2 (15 mL), 4-formylbenzonitrile (1.145 g, 8.3 mmol) was added and stirred for 12 hours at room 
temperature. 1 M NaOH (10 mL x 2) was added to the reaction and the aqueous layer was separated. The 
aqueous layer was washed with CH2Cl2 (20 mL) and the organic layers were combined and dried with 
MgSO4, filtered, and dried under vacuum (1.5 g, 79% yield, 86% pure). 
 
1H-NMR (500 MHz, CD3CN): δ 8.48 (d, 2H), 7.90 (d, 2H), 7.77 (d, 2H), 7.73 (m, 1H), 7.37 (d,1H), 7.19 (m, 
1H), 4.89 (s, 2H). 
 
13C-NMR (Joel 500 MHz, CDCl3): δ 161.18, 158.63, 149.49, 139.63, 136.78, 132.43, 128.81, 122.53, 
122.25, 118.58, 114.18, 66.91. 
 
2.1.11 Compound L11 
 
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to acetophenone 
(1.195 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 20 mg) in toluene (50 mL). The reaction 
mixture was refluxed under argon with a Dean-Stark apparatus until imine formation was complete (15 h). 
The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The organic layer was 
washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium bicarbonate (20 mL), 
brine (20 mL), and dried with sodium sulfate. The final product was isolated as yellow oil (1.6 g, 80% yield, 
84% pure). 
 
1H-NMR (Joel 500 MHz, CDCl3): δ 8.55 (d, 1H), 7.88 (d, 2H), 7.73 (m, 2H), 7.40 (m, 3H), 7.19 (m, 1H), 4.85 
(s, 2H), 2.36 (s, 3H). 
 
13C-NMR (Joel 500 MHz, CDCl3): δ 166.85, 160.65, 149.08, 140.96, 136.56, 129.82, 128.72, 126.77, 





2.1.12 Compound L12 
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to 4-
methoxyacetophenone (1.50 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 20 mg) in toluene 
(50 mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation 
was complete (24 h). The reaction was cooled to room temperature and was diluted with diethyl ether (30 
mL). The organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous 
sodium bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product isolated was a 
dark orange liquid (2.3 g, 93% yield, 71% pure). 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.49 (d, 1H), 7.85 (d, 1H), 7.69 (m, 1H), 7.59 (m, 1H), 7.12-7.21 (m, 
2H), 6.91 (d, 2H), 4.71 (s, 2H), 3.78 (s, 3H), 2.29 (s, 3H). 
13C-NMR (Joel 500 MHz, CD3CN): δ 165.89, 160.98, 149.05, 136.64, 128.34, 122.11, 121.74, 113.83, 
113.47, 57.7, 55.42, 15.96. 
 
2.1.13 Compound L13 
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to 4-
chloroacetophenone (1.56 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 20 mg) in toluene 
(50 mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation 
was complete (24 h). The reaction was cooled to room temperature and was diluted with diethyl ether (30 
mL). The organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous 
sodium bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product isolated was a 
dark orange liquid (2.4 g, 98% yield, 88% pure). 
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.49 (d,1H), 7.86 (d, 2H), 7.71 (t, 1H), 7.58 (d, 1H), 7.37 (d, 2H), 7.19 
(m, 1H), 4.72 (s, 2H), 2.31(s, 3H).  
 
13C-NMR (Joel 500 MHz, CDCl3): δ 165.63, 160.49, 148.98, 139.25, 136.58, 136.01, 128.48, 128.20, 





2.1.14 Compound L14 
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to 2-
acetophthone (2.20 mL, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 20 mg) in toluene (50 
mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation was 
complete (24 h). The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The 
organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium 
bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product was a yellow liquid 
(2.0 g, 78% yield, 88% pure). 
 
1H-NMR (Joel 500 MHz, CDCl3): δ 8.58 (d, 1H), 8.24 (s, 1H), 8.19 (d, 1H), 7.90 (d, 1H), 7.84 (m, 2H), 7.73 
(d, 2H), 7.50 (d, 2H), 7.18 (m, 1H), 4.92 (s, 2H), 2.48 (s, 3H).  
 
13C-NMR (Joel 500 MHz, CD3CN): δ 166.59, 160.94, 149.12, 138.24, 136.76, 134.21, 128.88, 127.81, 
126.63, 124.37, 122.20, 121.83, 58.10, 16.13. 
 
2.1.15 Compound L15 
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to 1-
acetonaphthone (1.33 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 20 mg) in toluene (50 
mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation was 
complete (12 h). The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The 
organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium 
bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product isolated was a light-
yellow liquid (1.4 g, 55% yield, 98% pure). 
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.36 (d, 1H), 7.74-7.88 (m, 2H), 7.65 (m, 2H), 7.47 (m, 2H), 7.48 (d, 
1H), 7.29 (d, 1H), 7.19 (m, 1H), 7.13 (d, 1H), 4.21 (s, 2H), 2.39 (s, 3H). 
 
13C-NMR (Joel 500 MHz, CD3CN): δ 170.89, 160.20, 149.18, 136.54, 128.86, 128.52, 125.52, 124.68, 





2.1.16 Compound L16  
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to 2-
hydroxybenzophenone (1.97 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 20 mg) in toluene 
(50 mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation 
was complete (12 h). The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). 
The organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium 
bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product isolated was a yellow 
liquid (2.6 g, 92% yield, 99% pure). 
 
1H-NMR (Bruker 400 MHz, CD3CN): δ 11.8 (s, 1H), 8.58 (d, 1H), 7.75 (t, 1H), 7.54 (d, 3H), 7.45 (d, 1H), 
7.25-7.38 (m, 3H), 7.21 (t, 1H), 7.13 (d, 1H), 6.89 (d, 1H), 6.69 (t, 1H), 4.73 (s, 2H). 
 
13C-NMR (Joel 500 MHz, CDCl3): δ 175.77, 163.06, 158.78, 149.43, 136.97, 133.87, 132.75, 129.33, 
128.97, 127.33, 122.18, 121.50, 118.01, 117.70, 57.64. 
 
2.1.17 Compound L17 
 
 In an oven dried flask, 2-picolylamine (4.40 mL, 43.4 mmol, 4.4 equiv) was added to dicyclohexyl 
ketone (1.95 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 40 mg) in toluene (50 mL). The 
reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation was complete 
(6 days). The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The organic 
layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium bicarbonate 
(20 mL), brine (20 mL), and dried with sodium sulfate. The final product was a pale-yellow liquid (1.7 g, 
60% yield, 93% pure). 
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.44 (d, 1H), 7.65 (t, 1H), 7.42 (d, 1H), 7.15 (m, 1H), 4.59 (s, 2H), 2.80 
(m, 1H), 2.41 (m, 1H), 1.57-1.76 (m, 8H), 1.17-1.56 (m, 12H). 
 






2.1.18 Compound L18 
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to cyclohexyl 
phenyl ketone (1.89 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 20 mg) in toluene (50 mL). 
The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation was 
complete (15 h). The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The 
organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium 
bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product was isolated as a 
yellow oil (2.3 g, 82% yield, 98% pure). 
 
1H-NMR (Bruker 400 MHz, CDCl3): δ 8.47 (s, 1H), 7.65 (t, 1H), 7.46 (d, 1H), 7.29-7.41 (m, 3H), 7.07 (m, 
3H), 4.49 (s, 2H), 2.58 (t, 1H), 1.93 (d, 2H), 1.82 (d, 2H), 1.79 (d, 1H), 1.13-1.56 (m, 5H). 
 
13C-NMR (Joel 500 MHz, CD3CN): δ 178.18, 160.94, 149.04, 138.15, 136.34, 132.81, 128.33, 128.09, 
126.48, 121.55, 58.43, 49.40, 30.58, 26.19. 
 
2.1.19 Compound L19 
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to 2-
adamantanone (1.50 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 20 mg) in toluene (50 
mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation was 
complete (24 h). The reaction was cooled to room temperature and was diluted with diethyl ether (30 mL). 
The organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium 
bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product isolated was a pale-
yellow liquid (1.5 g, 61% yield, 79% pure). 
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.45 (d, 1H), 7.67 (m, 1H), 7.37 (d, 1H), 7.15 (m, 1H), 4.56 (s, 2H), 
3.17 (s, 1H), 2.48 (s, 1H), 1.91-2.01(m, 8H), 1.87 (d, 2H), 1.76 (d, 2H). 
 
13C-NMR (Joel 500 MHz, CDCl3): δ 160.62, 149.20, 136.62, 122.10, 121.48, 55.70, 43.90, 39.30, 38.30, 





2.1.20 Compound L22 
 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to 2-methyl-1-
tetralone (1.61 g, 9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 20 mg) in toluene (50 mL).   The 
reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation was complete 
(48 h). The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The organic 
layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium bicarbonate 
(20 mL), brine (20 mL), and dried with sodium sulfate. The final product was an orange oil (2.2 g, 86% yield, 
85% pure). 
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.49 (s, 1H), 8.21 (d, 1H), 7.72 (t, 1H), 7.57 (d, 1H), 7.30 (t, 1H), 7.18 
(m, 3H), 4.86 (q, 2H), 3.38 (m, 1H), 3.03 (m, 1H), 2.74 (m, 1H), 2.01 (m, 1H), 1.90 (m, 1H), 1.09 (d, 3H). 
 
13C-NMR (Joel 500 MHz, CDCl3): δ 169.55, 161.22, 148.98, 139.53, 136.72, 133.48, 129.95, 128.72, 







3. Oxidation of L1 
3.1 Standard procedure for in situ oxidation of copper mediated oxidations using O2: 
 In the glovebox, 4 mL of acetone was added to a 20-mL vial containing 0.159 mmols of L1 equipped 
with a stir bar, then 0.159 mmols of [CuI(CH3CN)4](PF6) was added to the reaction mixture. Outside the 
glovebox at room temperature, oxygen was bubbled into the solution for 10 seconds and allowed to react 
for 6 h. After 6 h, the acetone solution was quenched with Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 
3). The organic layers were separated, combined, dried with MgSO4, filtered, and dried under vacuum. The 
organic product was dissolved in 1.4 mL of CD3CN solution containing 15.6 µL of 1,2-dichloroethane or 
27.1 mg of 1,3,5-trimethoxybenzene (internal standard). The reaction products were quantified by 1H-NMR 
using integration signals that corresponded to the starting material and products with the integration signal 
of the internal standard.  
 
3.2 Standard procedure for in situ oxidation of copper mediated oxidations using H2O2:  
 In the glovebox, 4 mL of acetone was added to a 20-mL vial containing 0.159 mmols of L1 equipped 
with a stir bar. To the solution, 0.159 mmol of [CuI(CH3CN)4](PF6) was added and allowed to react. The 
solution mixture was taken out of the glovebox and 5 equiv of H2O2 was added. After 30 min, the reaction 
was quenched using Na2EDTA (50 mL, pH = 4), and EtOAc (50 mL x 3). The organic phases were 
separated, combined, dried over MgSO4, filtered, and dried under vacuum. The organic product was 
dissolved in 1.4 mL of CD3CN solution containing 15.6 µL of 1,2-dichloroethane or 27.1 mg of 1,3,5-
trimethoxybenzene (internal standard). The reaction products were quantified by 1H-NMR using integration 
signals that correspond to the starting material and products with the integration signal of the internal 
standard. 
 
3.3 Experimental procedure for in situ oxidation of copper mediated C-H oxidation – Solvent Effect: 
 In the glovebox, 0.159 mmol [CuI(CH3CN)4](PF6) and 0.159 mmols of L1 were added to a 20 mL 
reaction vial followed by the solvent of choice (4 mL). The reaction was stirred and removed from the 
glovebox for the addition of 30% H2O2 (0.795 mmol, 5 equiv). The reaction was stirred at room temperature 
for 30 min. After 30 min, the solution was quenched using Na2EDTA (50 mL, pH = 4), and EtOAc (50 mL x 
3). The organic phases were separated, combined, and dried over MgSO4. The solution was then filtered 
and dried under vacuum. The organic product was dissolved in a solution 1.4 mL of CD3CN containing 15.6 
µL of 1,2-dichloroethane or 1,3,5-trimethoxybenzene (internal standard). The reaction products were 
quantified by 1H-NMR using integration signals that correspond to the starting material and products with 
the integration signal of the internal standard. 
 
3.4 Experimental procedure for in situ oxidation of copper mediated C-H oxidation – Metal Source: 
 Equimolar amounts of L1 and the desired metal source (0.159 mmols) were added to a 20 mL 
reaction vial followed by the addition of acetone (4 mL). The reaction was stirred and removed from the 
glovebox for the addition of 30% H2O2 (0.795 mmol, 5 equiv). The reaction was stirred at room temperature 
for 30 min. After 30 min, the solution was quenched using Na2EDTA (50 mL, pH = 4), and EtOAc (50 mL x 
3). The organic phases were separated, combined, and dried over MgSO4. The solution was then filtered 
and dried under vacuum. The organic product was dissolved in a solution 1.4 mL of CD3CN containing 15.6 
µL of 1,2-dichloroethane or 1,3,5-trimethoxybenzene (internal standard). The reaction products were 
quantified by 1H-NMR using integration signals that correspond to the starting material and products with 




3.5 Experimental procedure for in situ oxidation of copper mediated C-H oxidation – Oxidant 
Source: 
 In the glovebox, 0.159 mmols [CuI(CH3CN)4](PF6) and 0.159 mmols of L1 were added to a 20-mL 
reaction vial followed by the addition of acetone (4 mL). The reaction was stirred and removed from the 
glovebox for the addition of oxidant (1.5 – 10 equiv). The reaction was stirred at room temperature for 30 
min. After 30 min, the solution was quenched using Na2EDTA (50 mL, pH = 4), and EtOAc (50 mL x 3). The 
organic phases were separated, combined, and dried over MgSO4. The solution was then filtered and dried 
under vacuum. The organic product was dissolved in a solution 1.4 mL of CD3CN containing 15.6 µL of 1,2-
dichloroethane or 1,3,5-trimethoxybenzene (internal standard). The reaction products were quantified by 
1H-NMR using integration signals that correspond to the starting material and products with the integration 
signal of the internal standard. 
 
3.6 Experimental procedure for in situ oxidation of copper mediated C-H oxidation – CuII + H2O2 + 
Me4NOH conditions: 
 In the glovebox, 4 mL of acetone was added to a 20-mL vial containing 0.159 mmols of L1 equipped 
with a stir bar. To the solution, 0.159 mmol of [CuII(NO3)2 • 3H2O] was added and allowed to react. The 
solution mixture was taken out of the glovebox and 5 equivalents of H2O2 was added and immediately after, 
1 equivalent of Me4NOH•5H2O was added. After 30 min, the reaction was quenched using a mixture of  
Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL X 3). The organic phases were separated, combined, dried 
over MgSO4, filtered, and dried under vacuum. The organic product was dissolved in 1.4 mL of CD3CN 
solution containing 0.159 mmols of 1,3,5-trimethoxybenzene (internal standard). The reaction products 
were quantified by 1H-NMR using integration signals that correspond to the starting material and products 
with the integration signal of the internal standard.  
 
3.7 Gram Scale Oxidation of L1 and [CuI(CH3CN)4](PF6): 
 In an oven dried flask, 2-picolylamine (2.20 mL, 21.7 mmol, 2.2 equiv) was added to S1 (1.81 g, 
9.85 mmol) and p-toluenesulfonic acid monohydrate (cat. 40 mg) in toluene (50 mL). The reaction mixture 
was refluxed under argon with a Dean-Stark apparatus until imine formation was complete (36 h). The 
reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The organic layer was 
washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium bicarbonate (20 mL), 
brine (20 mL), and dried with sodium sulfate. The final product was isolated as a yellow solid (2.4 g, 90 % 
yield, 87 % pure). 
After isolation and characterization of the ligand, the system was transferred into the glovebox to minimize 
the decomposition of the product. In the glovebox, 8.91 mmols [CuI(CH3CN)4](PF6) and 8.91 mmols of L1 
were added to a 500 mL round bottom flask followed by the addition of acetone (203 mL). The reaction was 
stirred and removed from the glovebox for the addition of  5 equiv of 30% H2O2 (4.59 mL). The reaction 
was stirred at room temperature for 30 min. After 30 min, the solution was quenched using Na2EDTA (500 
mL, pH = 4), and EtOAc (500 mL), and the solution was moved to a 3 L round bottom flask and heated at 
50 °C for 24 h. The organic phase was separated and the aqueous phase was washed with EtOAc (500 
mL x 2). The organic phases were combined and dried over MgSO4. The solution was then filtered and 
dried under vacuum. The final product was separated using a silica column with 25/75 DCM/Hexanes 
solution. The isolated product, P1, was recovered in 64% yield. The reaction products were identified by 
1H-NMR products.  
180 
 
4. Oxidation of L1-L22 
4.1 Standard procedure for in situ oxidation of copper mediated oxidations using H2O2: Substrate 
Scope 
 In the glovebox, 4 mL of acetone was added to a 20-mL vial containing 0.159 mmols of L1 – L22 
equipped with a stir bar. To the solution, 0.159 mmol of [CuI(CH3CN)4](PF6) was added and allowed to 
react. The solution mixture was taken out of the glovebox and 5 equiv of 30% H2O2 was added. After 30 
min, the reaction was quenched using Na2EDTA (50 mL, pH = 4), and EtOAc (50 mL X 3). The organic 
phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. The organic 
product was dissolved in 1.4 mL of CD3CN solution containing 15.6 µL of 1,2-dichloroethane or 27.1 mg of 
1,3,5-trimethoxybenzene (internal standard). The reaction products were quantified by 1H-NMR using 
integration signals that correspond to the starting material and products with the integration signal of the 
internal standard and several products were confirmed by GC-MS. Products obtained in the final 
quanitification were a combination of cleaved product and imine-product (Figure S3). Isolation of the entirely 



















































4.1.1 Oxidation of L1 
 The reaction was carried out on 0.159 mmol scale using 44 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-dichloroethane (int. 
std.). (85% yield, mixture of P1 and PL1). The identity of the hydroxylation products were confirmed by GC-
MS, 1H-NMR, and previously reported literature.2 Note: PL1 = L16. 
 
4.1.2 Oxidation of L2 
 The reaction was carried out on 0.159 mmol scale using 56 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (int. std.). (69% yield, mixture of P2 and PL2). The identity of the hydroxylation products 
was confirmed by 1H-NMR and previously reported literature.4 
 
4.1.3 Oxidation of L3 
 The reaction was carried out on 0.159 mmol scale using 54 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-dichloroethane (int. 
std.). (67% yield, mixture of P3 and PL3). The identity of the hydroxylation products was confirmed by 1H-
NMR and previously reported literature.2 
 
4.1.4 Oxidation of L4 
 The reaction was carried out on 0.159 mmol scale using 66 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-dichloroethane (int. 
std.). (66% yield, mixture of P4 and PL4). The identity of the hydroxylation products was confirmed by 1H-
NMR and previously reported literature.3 
 
4.1.5 Oxidation of L5 
 The reaction was carried out on 0.159 mmol scale using 74 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-dichloroethane (int. 
std.). (57% yield, mixture of P5 and PL5). The identity of the hydroxylation products was confirmed by 1H-
NMR and previously reported literature.3 
 
4.1.6 Oxidation of L6 
 The reaction was carried out on 0.159 mmol scale using 93 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (int. std.). (44% yield, PL6). The identity of the hydroxylation products was confirmed 
by GC-MS and 1H-NMR. 1H-NMR (500 MHz, CDCl3): δ 8.53 (s, 1H), 7.09-7.98 (m, 5H), 7.32 (s, 1H), 7.22 
(d, 1H), 7.12 (m, 2H), 6.74 (d, 1H), 6.65 (t, 1H), 4.66 (s, 2H).  
 
4.1.7 Oxidation of L7 
 The reaction was carried out on 0.159 mmol scale using 46 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-dichloroethane (int. 
std.). (68% yield, PL7). The identity of the hydroxylation products was confirmed by GC-MS and 1H-NMR. 






4.1.8 Oxidation of L8 
 The reaction was carried out on 0.159 mmol scale using 44 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-dichloroethane (int. 
std.). (40% yield, mixture of P8 and PL8). The identity of the hydroxylation products was confirmed by 1H-
NMR and previously reported literature.6 
 
4.1.9 Oxidation of L9 
 The reaction was carried out on 0.159 mmol scale using 41 mg of the imine according to the 
Standard Procedure using 1.5 equiv H2O2. The orange crude product was quantified using 0.159 mmol of 
1,2-dichloroethane (int. std.). (53% yield, P9). The identity of the hydroxylation products was confirmed by 
1H-NMR. 1H-NMR (500 MHz, CD3CN): δ 10.94 (s, 1H), 9.80 (s, 1H), 7.52 (d, 1H), 6.84 (s, 1H), 6.75 (d, 1H), 
2.30 (s, 3H). 
 
4.1.10 Oxidation of L10 
 The reaction was carried out on 0.159 mmol scale using 40 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-dichloroethane (int. 
std.). (30% yield, mixture of P10 and PL10). The identity of the hydroxylation products was confirmed by 
1H-NMR.1H-NMR (500 MHz, CD3CN): δ 9.98 (s, 1H), 7.83 (d, 1H), 7.32 (d, 1H), 7.30 (s, 1H). 
 
4.1.11 Oxidation of L11 
 The reaction was carried out on 0.159 mmol scale using 40 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-dichloroethane (int. 
std.). (61% yield, mixture of P11 and PL11). The identity of the hydroxylation products was confirmed by 
1H-NMR and previously reported literature.5 
 
4.1.12 Oxidation of L12 
 
 The reaction was carried out on 0.159 mmol scale using 54 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-cyclohexene (int. 
std.). (49% yield, mixture of P12 and PL12). The identity of the hydroxylation products was confirmed by 
GC-MS, 1H-NMR, and previously reported literature.5  
 
4.1.13 Oxidation of L13 
 The reaction was carried out on 0.159 mmol scale using 44 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-dichloroethane (int. 
std.). (40% yield, mixture of P13 and PL13). The identity of the hydroxylation products was confirmed by 
1H-NMR.1H-NMR (500 MHz, CD3CN): δ 12.41 (s, 1H), 7.48 (m, 1H), 6.97 (d, 1H), 6.81 (s, 1H), 2.41 (s, 3H). 
 
4.1.14 Oxidation of L14 
 The reaction was carried out on 0.159 mmol scale using 47 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-dichloroethane (int. 
std.). (84% yield, mixture of P14 and PL14). The identity of the hydroxylation products was confirmed by 




4.1.15 Oxidation of L15 
 The reaction was carried out on 0.159 mmol scale using 42 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-dichloroethane (int. 
std.). (33% yield, PL15). The identity of the hydroxylation products was confirmed by GC-MS, 1H-NMR, and 
and commercially available product.  
 
4.1.16 Oxidation of L16 
 The reaction was carried out on 0.159 mmol scale using 46 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-dichloroethane (int. 
std.). (0% yield). The recovered starting material was confirmed by GC-MS, 1H-NMR, and commercially 
available product.2 
 
4.1.17 Oxidation of L17 
 The reaction was carried out on 0.159 mmol scale using 49 mg of the imine according to the 
Standard Procedure. The yellow product was quantified using 0.159 mmol of 1,2-dichloroethane (int. std.). 
(70% yield, mixture of P17 and PL17). The identity of the hydroxylation products was confirmed by 1H-
NMR.1H-NMR (500 MHz, CD3CN): δ 2.99 (m, 1H), 1.41-1.86 (m, 11H), 1.10-1.39 (m, 10H). 
 
4.1.18 Oxidation of L18 
 The reaction was carried out on 0.159 mmol scale using 45 mg of the imine according to the 
Standard Procedure. The orange crude product was quantified using 0.159 mmol of 1,2-dichloroethane (int. 
std.). (55% yield, P18). The identity of the products was confirmed by 1H-NMR and commercially available 
product. 1H-NMR (500 MHz, CD3CN): δ 8.05 (d, 2H), 7.51 (d, 1H), 7.42 (d, 2H), 2.10 (s, 1H), 1.86 (dd, 2H), 
1.47-1.73 (m, 8H), 1.23-1.45 (m, 2H). 
 
4.1.19 Oxidation of L19 
 The reaction was carried out on 0.159 mmol scale using 54 mg of the imine according to the 
Standard Procedure using 2.5 equiv H2O2. The pale-yellow product was quantified using 0.159 mmol of 
1,3,5-trimethoxybenzene (int. std.). (70% yield, P19). The identity of the hydroxylation products was 
confirmed by GC-MS, 1H-NMR and previously reported characterization.8 
 
4.1.20 Oxidation of L20 
 The reaction was carried out on 0.159 mmol scale using 60.5 mg of the imine according to the 
Standard Procedure using 2.5 equiv H2O2. After 30 min, the reaction was extracted overnight to cleave the 
substrate to yield the yellow product. The yellow product was quantified using 0.159 mmol of 1,2-
dichloroethane (int. std.). (87% yield, mixture of P20 and PL20). The identity of the hydroxylation products 
was confirmed by 1H-NMR and previously reported literature.1 
 
4.1.21 Oxidation of L21 
 The reaction was carried out on 0.159 mmol scale using 38.5 mg of the imine according to the 
Standard Procedure using 2.5 equiv H2O2. The pale-yellow product was quantified using 0.159 mmol of 
1,2-dichloroethane (int. std.). (63% yield, PL21). The identity of the hydroxylation products was confirmed 




4.1.22 Oxidation of L22 
 The reaction was carried out on 0.159 mmol scale using 46.8 mg of the imine according to the 
Standard Procedure using 5 equiv H2O2. The orange product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (int. std.). (54% yield, P22). The identity of the hydroxylation products was confirmed 
by 1H-NMR.1H-NMR (500 MHz, CD3CN): δ 12.5 (s, 1H), 7.31 (m, 1H), 6.76 (d, 1H), 6.67 (d, 1H), 2.91 (m, 















4.2 Summary and mass balance of Cu-directed hydroxylation’s  
Table A2.1. Summary and mass balance of Cu-directed hydroxylation of L1-L22 
Ligand-substrate SX (%) LX (%) PX (%) PLX (%) Yield (%) 
Mass 
Balance (%) 
L1 0.0 0.0 31.0 54.0 85.0 85.0 
L2 10.0 0.0 0.0 69.0 69.0 79.0 
L3 0.0 0.3 8.2 59.2 67.3 67.6 
L4 0.0 0.0 8.3 58.1 66.4 66.4 
L5 0.0 0.0 6.8 49.8 56.6 56.6 
L6 22.0 0.0 0.0 44.0 44.0 66.0 
L7 0.0 0.0 8.0 60.0 68.0 68.0 
L8 9.5 2.7 32.5 6.6 39.1 51.3 
L9 10.0 2.5 50.5 2.5 53.0 65.5 
L10 14.5 0.8 23.0 7.0 30.0 45.3 
L11 12.5 0.8 54.0 7.1 61.1 74.4 
L12 16.5 0.0 35.5 13.0 48.5 65.0 
L13 5.0 1.5 18.5 20.5 39.0 45.5 
L14 8.0 0.0 41.0 43.0 84.0 92.0 
L15 0.0 0.0 0.0 33.0 33.0 33.0 
L16 7.7 60.0 0.0 0.0 0.0 67.7 
L17 12.3 0.0 41.0 29.3 70.3 83.3 
L18 6.0 0.0 55.1 0.0 55.1 61.1 
L19 30.0 0.0 70.0 0.0 70.0 100.0 
L20 0.0 0.0 66.0 21.0 87.0 87.0 
L21 0.0 0.0 1.0 62.0 63.0 63.0 





5. Synthesis of copper complexes 
5.1 Synthesis of [(L1)CuI(CH3CN)](PF6): 
 
Figure A2.3. Synthesis of [(L1)CuI(CH3CN)](PF6). 
 
 For the synthesis of [(L1)CuI(CH3CN)](PF6), L1 (56 mg, 0.206 mmol) was dissolved in acetone (1 
mL) in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (77 mg, 0.206 mmol) was added to the 
ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a red powder (95 mg, 
88% yield). 1H-NMR (500 MHz, Acetone-D6): δ 8.64 (d, 1H), 7.99 (t, 1H), 7.66, (d, 2H), 7.50-7.58 (m, 5H), 
7.47 (d, 1H), 7.34 (s, 2H), 7.21 (s, 2H), 4.74 (s, 2H), 2.21 (s, 6H). Elemental Analysis: 





5.2 Complex [(L1)2CuI](PF6): 
 
Figure A2.4. Synthesis of [(L1)2CuI](PF6). 
 
 For the synthesis of [(L1)2CuI](PF6), L1 (112 mg, 0.412 mmol) was dissolved in acetone (1 mL) in 
a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (77 mg, 0.206 mmol) was added to the ligand 
solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a red powder (130 mg, 83% 
yield). The resulting solid was recrystallized in acetone/Et2O, leading to red crystals. 1H-NMR (500 MHz, 
CD3CN): δ 8.58 (d, 2H), 7.96 (t, 2H), 7.57 (d, 4H), 7.49-7.51 (m, 10H), 7.41-7.43 (m, 2H), 7.19 (t, 4H), 6.97 
(m, 4H) 4.48 (s, 4H). Elemental Analysis: [(L1)2CuI](PF6): Calculated: 60.6%C, 4.2%H, 7.4%N; Found: 
60.5%C, 4.3%H, 7.4%N. 
 
 
Figure A2.5. Displacement ellipsoid plot (50% probability level) of complex [(L1)2CuI](PF6) at 110 K. The 
disorder, the hydrogen atoms and the counter ion are not depicted for clarity. 
 
Table A2.2. Selected distances (Å) and angles (°) given for the complex [(L1)2CuI](PF6). 
Distance (Å)  
Cu – N1A 2.057(6) 
Cu – N2A 2.033(6) 
Cu – N1B 2.024(6) 
Cu – N2B 2.056(6) 
Cu – C19a 3.347(11) 
Cu – C19B 3.050 





Table A2.3. Crystallography Data for [(L1)2CuI](PF6). 
Crystal data 





Temperature (K) 110 
a, b, c (Å) 12.86931 (15), 15.25872 (19), 18.2231 (3) 
β(°) 109.5849 (14) 
V (Å3) 3371.43 (8) 
Z 4 
Radiation type Cu Kα 
µ (mm-1) 1.954 
Crystal size (mm) 0.13 × 0.10 × 0.09 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Analytical CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 
(release 02-08-2013 CrysAlis171 .NET) (compiled Aug 2 2013,16:46:58) 
Analytical numeric absorption correction using a multifaceted crystal model 
based on expressions derived by R.C. Clark & J.S. Reid. (Clark, R. C. & 
Reid, J. S. (1995). Acta Cryst. A51, 887-897) 
 Tmin, Tmax 0.811, 0.884 
No. of measured, 
independent and 
 observed [I > 2σ(I)] 
reflections 
41564, 6627, 5448   
Rint 0.042 
(sin θ/λ)max (Å-1) 0.616 
 
Refinement 
R[F2 > 2σ(F2)], 
wR(F2), S 
0.035,  0.095,  1.02 
No. of reflections 6627 
No. of parameters 813 
No. of restraints 1751 
H-atom treatment H-atom parameters constrained 
∆max, ∆min (e Å-3) 0.35, -0.48 
 
Computer programs: CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-2013 
CrysAlis171 .NET) (compiled Aug  2 2013, 16:46:58), SHELXS2014/7 (Sheldrick, 2015), SHELXL2014/7 




5.3 Complex [(L2)CuI(CH3CN)](PF6): 
 
Figure A2.6. Synthesis of [(L2)CuI(CH3CN)](PF6). 
 
 For the synthesis of [(L2)CuI(CH3CN)](PF6), L2 (72 mg, 0.206 mmol) was dissolved in acetone (1 
mL) in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (77 mg, 0.206 mmol) was added to the 
ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a red powder (112 mg, 
94% yield). 1H-NMR (500 MHz, Acetone-D6): δ 8.61 (s, 1H), 7.97 (t, 1H), 7.49-759 (m, 4H), 7.12 (s, 1H), 
7.05 (d, 3H), 6.84 (s, 2H), 4.79 (s, 2H), 3.87 (s, 3H), 3.84 (s, 3H), 2.31 (s, 3H). Elemental Analysis: 
([(L2)CuI(CH3CN)](PF6)·0.25Acetone·0.5H2O): Calculated: 47.1%C, 4.3%H, 6.9%N; Found: 46.9%C, 
3.8%H, 6.5%N. 
 
5.4 Complex [(L3)CuI(CH3CN)](PF6): 
 
Figure A2.7. Synthesis of [(L3)CuI(CH3CN)](PF6). 
 
 For the synthesis of [(L3)CuI(CH3CN)](PF6), L3 (73 mg, 0.206 mmol) was dissolved in acetone (1 
mL) in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (77 mg, 0.206 mmol) was added to the 
ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a red powder (81 mg, 
71% yield). The resulting solid was recrystallized in acetone/Et2O, leading to red crystals. 1H-NMR (500 
MHz, CD3CN): δ 8.36 (s, 2H), 7.82 (t, 2H), 7.18-7.41 (m, 12H), 6.93 (s, 4H), 6.77 (s, 4H), 4.43 (s, 4H), 2.42 
(s, 6H), 2.29 (s, 6H). Elemental Analysis: ([(L3)CuI(CH3CN)](PF6)·0.3Acetone·0.6H2O): Calculated: 




5.5 Complex [(L4)CuI(CH3CN)](PF6): 
 
Figure A2.8. Synthesis of [(L4)CuI(CH3CN)](PF6). 
 
 For the synthesis of [(L4)CuI(CH3CN)](PF6), L4 (86 mg, 0.206 mmol) was dissolved in acetone (1 
mL) in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (77 mg, 0.206 mmol) was added to the 
ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a red powder (38 mg, 
34% yield). 1H-NMR (500 MHz, CD3CN): δ 8.36 (s, 1H), 7.81 (s, 1H), 7.55 (s, 2H), 7.16- 7.42 (m, 6H), 6.92 
(s, 2H), 4.58 (s, 2H), 1.94 (s, 3H). Elemental Analysis: ([(L4)CuI(CH3CN)](PF6)·0.25Toluene): Calculated: 
47.0%C, 3.3%H, 7.2%N; Found: 46.9%C, 3.1%H, 6.9%N. 
 
5.6 Complex [(L5)CuI(CH3CN)](PF6): 
 
Figure A2.9. Synthesis of [(L5)CuI(CH3CN)](PF6). 
 
 For the synthesis of [(L5)CuI(CH3CN)](PF6), L5 (96 mg, 0.206 mmol) was dissolved in acetone (1 
mL) in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (77 mg, 0.206 mmol) was added to the 
ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a red powder (96 mg, 
86% yield). 1H-NMR (500 MHz, CD3CN): δ 8.32 (s, 1H), 7.81 (t, 1H), 7.54 (d, 2H), 7.45 (d, 2H), 7.32 (m, 
2H), 7.17 (d, 2H), 7.08 (d, 2H), 4.60 (s, 2H), 1.91 (s, 3H). Elemental Analysis: 




5.7 Complex [(L6)CuI(CH3CN)](PF6): 
 
Figure A2.10. Synthesis of [(L6)CuI(CH3CN)](PF6). 
 
 For the synthesis of [(L6)CuI(CH3CN)](PF6), L6 (119 mg, 0.206 mmol) was dissolved in acetone (1 
mL) in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (77 mg, 0.206 mmol) was added to the 
ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a dark red powder (119, 
86% yield). 1H-NMR (500 MHz, CD3CN): δ 8.32 (s, 1H), 7.70 (s, 1H), 7.68 (d, 2H), 7.19-7.42 (m, 6H), 7.02 
(d, 2H), 4.59 (s, 2H), 1.90 (s, 3H). Elemental Analysis: ([(L6)CuI(CH3CN)](PF6)·0.5Ether·0.5Acetone): 
Calculated: 39.5%C, 3.3%H, 5.6%N; Found: 39.6%C, 2.9%H, 5.8%N. 
 
5.8 Complex [(L7)CuI(CH3CN)](PF6): 
 
Figure A2.11. Synthesis of [(L7)CuI(CH3CN)](PF6). 
 
 For the synthesis of [(L7)CuI(CH3CN)](PF6), L7 (60 mg, 0.206 mmol) was dissolved in acetone (1 
mL) in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (77 mg, 0.206 mmol) was added to the 
ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a red powder (58.3 mg, 
65% yield). 1H-NMR (500 MHz, CD3CN): δ 8.43 (s, 1H), 7.83 (s, 1H), 7.83 (s, 1H), 7.22 (s, 1H), 4.48 (s, 
2H)1.91 (s, 3H). Elemental Analysis: ([(L7)CuI(CH3CN)](PF6)·0.5CH3CN·H2O): Calculated: 45.4%C, 




5.9 Complex [(L8)CuI(CH3CN)](PF6): 
 
Figure A2.12. Synthesis of [(L8)CuI(CH3CN)](PF6). 
 
 For the synthesis of [(L8)CuI(CH3CN)](PF6), L8 (40 mg, 0.206 mmol) was dissolved in acetone (1 
mL) in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (77 mg, 0.206 mmol) was added to the 
ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a orange powder (91 
mg, 90% yield). The resulting solid was recrystallized in acetone/Et2O, leading to orange crystals. 1H-NMR 
(500 MHz, Acetone-D6): δ 8.82 (s, 1H), 8.47 (s, 1H), 8.07 (s, 2H), 8.00 (t, 1H), 7.65 (d, 1H), 7.32-7.48 (m, 
4H), 5.35 (s, 2H), 2.34 (s, 3H). Elemental Analysis: ([(L8)CuI(CH3CN)](PF6)·0.5H2O): Calculated: 39.6%C, 
3.5%H, 9.2%N; Found: 39.8%C, 3.4%H, 9.2%N. 
 
 
Figure A2.13. Displacement ellipsoid plot (50% probability level) of complex [(L8)CuI(CH3CN)](PF6) at 
110 K. The disorder, the hydrogen atoms and the counter ion are not depicted for clarity. 
 
Table A2.4. Selected distances (Å) and angles (°) given for the complex [(L8)CuI(CH3CN)](PF6). 
 
Distance (Å)  
Cu – N1 2.006(12) 
Cu – N2 2.012(6) 
Cu – Coxid. 3.243(13) 




Table A2.5. Crystallography Data for [(L8)CuI(CH3CN)](PF6) 
Crystal data 
Chemical formula C15H15CuN3·F6P 
Mr 445.81 
Crystal system, space 
group 
Monoclinic, C2/c 
Temperature (K) 110 
a, b, c (Å) 21.0008 (16), 6.7287 (3), 27.3920 (18) 
β (°) 113.667 (8) 
V (Å3) 3545.2 (4) 
Z 8 
Radiation type Mo Kα 
µ (mm-1) 1.385 
Crystal size (mm) 0.38 × 0.25 × 0.06 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Gaussian CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 
(release 02-08-2013 CrysAlis171 .NET) (compiled Aug 2 
2013,16:46:58) Numerical absorption correction based on gaussian 
integration over a multifaceted crystal model 
 Tmin, Tmax 0.442, 1.000 
No. of measured, 
independent and observed 
[I > 2σ(I)] reflections 
13793, 4075, 3504   
Rint 0.033 
(sin θ/λ)max (Å-1) 0.650 
 
Refinement 
R[F2 > 2σ(F2)], wR(F2), S 0.055,  0.119,  1.19 
No. of reflections 4075 
No. of parameters 434 
No. of restraints 709 
H-atom treatment H-atom parameters constrained 
  w = 1/[σ2(Fo2) + (0.0101P)2 + 21.2469P]   
where P = (Fo2 + 2Fc2)/3 




Computer programs: CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-2013 
CrysAlis171 .NET) (compiled Aug 2 2013, 16:46:58), SHELXS2014/7 (Sheldrick, 2015), SHELXL2014/7 
(Sheldrick, 2015), SHELXTL v6.10 (Sheldrick, 2008). 
 
5.10 Complex [(L11)2CuI(CH3CN)](PF6): 
 
Figure A2.14. Synthesis of [(L11)2CuI](PF6). 
 
 For the synthesis of [(L11)2-CuI](PF6), L11 (96 mg, 0.412 mmol) was dissolved in acetone (1 mL) 
in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (77 mg, 0.206 mmol) was added to the ligand 
solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a red powder (100 mg, 78% 
yield). The resulting solid was recrystallized in acetone/Et2O, leading to red crystals. 1H-NMR (500 MHz, 
Acetone-D6): δ 8.43 (s, 2H), 7.95 (t, 2H), 7.55 (d, 4H), 7.46 (m, 4H), 7.29 (t, 2H), 7.10 (s, 4H), 4.36 (s, 4H), 
2.17 (s, 6H). Elemental Analysis: ([(L11)2CuI(CH3CN)](PF6)): Calculated: 53.4%C, 4.5%H, 8.9%N; Found: 
53.8%C, 4.5%H, 8.6%N. 
 
Figure A2.15. Displacement ellipsoid plot (50% probability level) of complex [(L11)2CuI](PF6) at 110 K. 







Table A2.6. Selected distances (Å) and angles (°) given for the complex [(L11)2CuI](PF6). 
Distance (Å)  
Cu – N1 2.0257(17) 
Cu – N2 2.0545(16) 
Cu – N3 2.0335(16) 
Cu - N4 2.0604(16) 
Cu – C10 3.2160(19) 
Cu – C28 3.1683(19) 







Table A2.7. Crystallography Data for [(L11)2CuI](PF6) 
Crystal data 
Chemical formula C28H28CuN4·F6P 
Mr 629.05 
Crystal system, space 
group 
Monoclinic, I2/a 
Temperature (K) 110 
a, b, c (Å) 19.2074 (4), 8.02182 (13), 35.2573 (7) 
β (°) 92.1458 (18) 
V (Å3) 5428.58 (18) 
Z 8 
Radiation type Cu Kα 
µ (mm-1) 2.294 
Crystal size (mm) 0.34 × 0.10 × 0.04 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Analytical CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 
(release 02-08-2013 CrysAlis171 .NET) (compiled Aug 2 
2013,16:46:58) Analytical numeric absorption correction using a 
multifaceted crystal model based on expressions derived by R.C. 
Clark & J.S. Reid. (Clark, R. C. & Reid, J. S. (1995). Acta Cryst. A51, 
887-897) 
 Tmin, Tmax 0.606, 0.936 
No. of measured, 
independent and 
 observed [I > 2α(I)] 
reflections 
33533, 5315, 4565   
Rint 0.058 
(sin θ/λ)max (Å-1) 0.616 
 
Refinement 
R[F2 > 2θ(F2)], wR(F2), S 0.034, 0.089, 1.02 
No. of reflections 5315 
No. of parameters 366 
H-atom treatment H-atom parameters constrained 
∆max, ∆min (e Å-3) 0.38, -0.33 
 
Computer programs: CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-2013 
CrysAlis171 .NET) (compiled Aug  2 2013, 16:46:58), SHELXS2014/7 (Sheldrick, 2015), SHELXL2014/7 




5.11 Complex [(L15)CuI(CH3CN)](PF6): 
 
Figure A2.16. Synthesis of [(L15)CuI(CH3CN)](PF6). 
 
 For the synthesis of [(L15)CuI(CH3CN)](PF6), L15 (54 mg, 0.206 mmol) was dissolved in acetone 
(1 mL) in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (77 mg, 0.206 mmol) was added to the 
ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a red powder (60 mg, 
57% yield). The resulting solid was recrystallized in acetone/Et2O, leading to red crystals. 1H-NMR was 
inconclusive do to the ligand having multiple isomers. Elemental Analysis: ([(L15)CuICH3CN)](PF6)): 
Calculated: 47.1%C, 3.7%H, 8.2%N; Found: 47.1%C, 3.7%H, 7.8%N. 
 
Figure A2.17. Displacement ellipsoid plot (50% probability level) of complex [(L15)CuI(CH3CN)](PF6) at 
110 K. The H atoms and counter ion are not depicted for clarity. 
 
Table A2.8. Selected distances (Å) and angles (°) given for the complex [(L15)CuI(CH3CN)](PF6). 
Distance (Å)  
Cu – N1 1.9954(15) 
Cu – N2 2.0380(14) 
Cu – Coxid.(1) 3.5379(18) 




Table A2.9. Crystallography Data for [(L15)CuI(CH3CN)](PF6) 
Crystal data 
Chemical formula C20H19CuN3·F6P 
Mr 509.89 
Crystal system, space 
group 
Monoclinic, P21/c 
Temperature (K) 110 
a, b, c (Å) 12.8503 (4), 13.9636 (3), 12.9841 (5) 
β (°) 117.667 (4) 
V (Å3) 2063.43 (13) 
Z 4 
Radiation type Mo Kα 
µ (mm-1) 1.202 
Crystal size (mm) 0.38 × 0.21 × 0.18 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Gaussian CrysAlis PRO 1.171.39.29c (Rigaku Oxford Diffraction, 
2017) Numerical absorption correction based on gaussian integration 
over a multifaceted crystal model Empirical absorption correction 
using spherical harmonics, implemented in SCALE3 ABSPACK 
scaling algorithm. 
 Tmin, Tmax 0.517, 1.000 
No. of measured, 
independent and 
 observed [I > 2σ(I)] 
reflections 
25961, 4734, 4104   
Rint 0.034 
(sin θ/λ)max (Å-1) 0.650 
 
Refinement 
R[F2 > 2σ(F2)], wR(F2), S 0.029, 0.074, 1.04 
No. of reflections 4734 
No. of parameters 340 
No. of restraints 363 
H-atom treatment H-atom parameters constrained 
∆max, ∆min (e Å-3) 0.37, -0.31 
 
Computer programs: CrysAlis PRO 1.171.39.29c (Rigaku OD, 2017), SHELXS2014/7 (Sheldrick, 2015), 
SHELXL2014/7 (Sheldrick, 2015), SHELXTL v6.10 (Sheldrick, 2008). 
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5.12 CuII Complexes Derived from L16 
 
Figure A2.18. Complexes derived from the synthesis of L16 with CuII(CF3SO3)2. 
 
 For the synthesis of [(L16)CuII](CF3SO3)2 two products were obtained. L16 (60 mg, 0.206 mmol) 
was dissolved in acetone (1 mL) in a 20 mL vial equipped with a stir bar. [Cu II(CF3SO3)2] (76 mg, 0.206 
mmol) was added to the ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as 
a green oil (52 mg, 39% yield). The filtrate solution led to the formation of blue crystals, which correspond 
to the copper dimer [(L16-)2CuII2(CF3SO3)2] (75 mg, 56% yield). The green oil was recrystallized in 
acetone/Et2O, leading to green crystals, which are the monomeric form of the complex 
([(L16)CuII(CF3SO3)(H2O)](CF3SO3)). Elemental Analysis: ([(L16)CuII(CF3SO3)(H2O)](CF3SO3)): 
Theoretical: 37.7%C, 2.7%H, 4.1N, Found: 37.9%C, 2.7%H, 4.1%N. Elemental Analysis: ([(L16-
)2CuII2(CF3SO3)2]): Theoretical: 43.9%C, 3.0%H, 5.0%N, Found: 44.2%C, 2.9%H, 5.1%N. UV-vis of 
[(L16)CuII(CF3SO3)(H2O)](CF3SO3) in acetone: max: 380 nm, : 5000 M-1 cm-1.  
 
Figure A2.19. Displacement ellipsoid plot (50% probability level) of complex [(L16-)CuII(CF3SO3)]2 at 110 






























Table A2.10. Crystallography Data for [(L16-)2CuII2(CF3SO3)2] 
Crystal data 
Chemical formula C40H30Cu2F6N4O8S2·0.872(C3H6O) 
Mr 1050.55 
Crystal system, space 
group 
Monoclinic, P21/c 
Temperature (K) 110 
a, b, c (Å) 8.06304 (9), 24.0632 (3), 24.2565 (3) 
β (°) 95.0447 (11) 
V (Å3) 4688.08 (10) 
Z 4 
Radiation type Cu Kα 
µ (mm-1) 2.655 
Crystal size (mm) 0.51 × 0.14 × 0.05 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Analytical CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 
(release 02-08-2013 CrysAlis171 .NET) (compiled Aug  2 2013,16:46:58) 
Analytical numeric absorption correction using a multifaceted crystal 
model based on expressions derived by R.C. Clark & J.S. Reid. (Clark, R. 
C. & Reid, J. S. (1995). Acta Cryst. A51, 887-897) 
 Tmin, Tmax 0.389, 0.891 
No. of measured, 
independent and 
 observed [I > 2σI)] 
reflections 
60326, 9186, 8267   
Rint 0.039 
(sin θ/λ)max (Å-1) 0.616 
 
Refinement 
R[F2 > 2σ(F2)], wR(F2), 
S 
0.039,  0.111,  1.04 
No. of reflections 9186 
No. of parameters 596 
H-atom treatment H-atom parameters constrained 
∆max, ∆min (e Å-3) 0.70, -0.47 
 
Computer programs: CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-2013 
CrysAlis171 .NET) (compiled Aug  2 2013, 16:46:58), SHELXS2014/7 (Sheldrick, 2015), SHELXL2014/7 




Figure A2.20. Displacement ellipsoid plot (50% probability level) of complex 
[(L16)CuII(CF3SO3)(H2O)](CF3SO3) at 110 K. The disorder, the hydrogen atoms, the counter ion and the 




Table A2.11. Crystallography Data for [(L16)CuII(CF3SO3)(H2O)](CF3SO3) 
Crystal data 
Chemical formula C40H36Cu2F6N4O10S2·2(CF3O3S)·0.932(C4H10O) 
Mr 1405.18 
Crystal system, space 
group 
Monoclinic, P21/n 
Temperature (K) 110 
a, b, c (Å) 13.0326 (2), 16.3558 (3), 28.4068 (5) 
β (°) 94.4621 (17) 
V (Å3) 6036.80 (18) 
Z 4 
Radiation type Cu Kα 
µ (mm-1) 3.099 
Crystal size (mm) 0.24 × 0.12 × 0.08 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Analytical CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 
(release 02-08-2013 CrysAlis171 .NET) (compiled Aug 2 
2013,16:46:58) Analytical numeric absorption correction using a 
multifaceted crystal model based on expressions derived by R.C. Clark 
& J.S. Reid. (Clark, R. C. & Reid, J. S. (1995). Acta Cryst. A51, 887-
897) 
 Tmin, Tmax 0.570, 0.802 
No. of measured, 
independent and observed 
[I > 2σ(I)] reflections 
40180, 11840, 9431   
Rint 0.039 
(sin θ/λ)max (Å-1) 0.617 
 
Refinement 
R[F2 > 2σ(F2)], wR(F2), S 0.057, 0.146, 1.06 
No. of reflections 11840 
No. of parameters 842 
No. of restraints 213 
H-atom treatment H atoms treated by a mixture of independent and constrained 
refinement 
  w = 1/[σ2(Fo2) + (0.0507P)2 + 16.5069P]   
where P = (Fo2 + 2Fc2)/3 




Computer programs: CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-2013 
CrysAlis171 .NET) (compiled Aug 2 2013, 16:46:58), SHELXS2014/7 (Sheldrick, 2015), SHELXL2014/7 
(Sheldrick, 2015), SHELXTL v6.10 (Sheldrick, 2008). 
6. UV-vis spectroscopy 
6.1 General Considerations  
 The reaction between [(L1)CuI(CH3CN)](PF6) and H2O2 can be tracked and characterized by UV-
vis and EPR. The following scheme shows the proposed reaction pathway along with the possible 




Figure A2.21. Proposed reaction pathway of LCuI forming LCuII(OOH) and decaying to (L-O)CuII(OH2) 
and eventually forming (L-O)CuII. 
 
6.2 Kinetic Analysis  
6.2.1 Oxidation of [(L1)CuI(CH3CN)](PF6) with H2O2 
 
 
 3 mL of a solution of 0.5 mM [(L1)CuI(CH3CN)](PF6) in acetone were placed in a 10 mm path quartz 
cell equipped with a stir bar and capped with a rubber septum. After cooling down the cell to -20 ºC, 100 
µL of an acetone solution containing 20 equiv of H2O2 was added (note: the solution of H2O2 was 
deoxygenated by Ar/vacuum cycles before being injected to the Cu(I) complex). The reaction spectral 
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A. Proposed mechanism for the hydroxylation of sp2 C-H bonds













































B. Spectroscopic and kinetic analysis
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Figure A2.22. Oxidation of 0.5 mM [(L1)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by UV-
vis with the possible intermediates and the graph of the evolution of the hydroxylation product. UV-vis: 
LCuI: max: 397,   1400 M-1 cm-1; LCuII(OOH): max: 388,   1600 M-1 cm-1.   
 
Kinetic analysis: The reaction of LCuI with H2O2 to form the putative LCuIIOH and LCuIIOOH intermediates 
is very fast (1-5 seconds after addition of the oxidant to the cuprous complex). Kinetic analysis was 
performed by fitting the exponential formation of the hydroxylation products ((L-O)CuII(OH2) and (L-O)CuII)). 
We propose that the decay of the LCuII(OOH) is the rate-determining step and that this reaction leads to 
the formation of the (L-O)CuII(OH2) product during the first 200 seconds of the reaction. After that, we 
observe a second slow process which we propose is associated with the transformation of (L-O)CuII(OH2) 






















The rate of hydroxylation formation could be calculated by fitting the change in absorbance between 5 to 
3000 seconds to two exponential functions (i.e. fast formation of (L-O)CuII(OH2) followed by slow formation 
of (L-O)CuII).  
 
Abst = Abs∞ - Abs1·e(-k3·t) – Abs2·e(-k4·t) 
 
For example, for L1-CuI the hydroxylation is followed at 375 nm and can be fitted to two formation 





Figure A2.23. Double-exponential fitting of the changes in absorbance at 375 nm obtained in the 
oxidation of 0.5 mM [(L1)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by UV-vis (black points: 
experimental data, green trace: fitting).  
 
With the k3 and k4 values obtained with the double-exponential fitting, we can plot both functions along the 
experimental data (see Figure 24 below). We observe that the initial experimental points (black points) of 





Figure A2.24. Double-exponential fitting of the changes in absorbance at 375 nm obtained in the oxidation 
of 0.5 mM [(L1)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by UV-vis decomposed into the 
two exponential functions calculated (black points: experimental data; red trace: exponential function 
obtained from k3; red trace: exponential function obtained from k4).  
 
The absorbance values between 5 to 200 seconds can be fitted to a single exponential function:   
 
Abst = Abs∞ - Abs0·e(-k·t) 
 
We observe that the k calculated with the truncated data (5-200 s) is very similar to the one obtained in the 























Figure A2.25. Single exponential fitting of the changes in absorbance at 375 nm from 5 to 200 seconds 
obtained in the oxidation of 0.5 mM [(L1)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by UV-
vis (black points: experimental data; red trace: exponential fitting).  
 
The data points from 5 to 200 seconds can also be fitted by using the following logarithmic equation in 
which the slope of the linear regression is the rate constant k:   
ln (Abs∞ - Abst) = ln Abs0 - k·t 
 
 
Figure A2.26. Logarithmic fitting of the changes in absorbance at 375 nm from 5 to 200 seconds 
obtained in the oxidation of 0.5 mM [(L1)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by UV-
vis (red points: experimental data; black line: linear regression).  
 
y = -0.0158x - 0.4705 























We used the same methodology to fit the UV-vis data for the hydroxylation of L1-CuI under different reaction 
conditions ([Cu]0 dependence and [H2O2] dependence) and for the hydroxylation of the 4-substituted and 
deuterated analogues. The k values obtained by fitting the data from 5 seconds to 3000 seconds to a 
double-exponential formation and by fitting the data from 5 seconds to 200 seconds to a single exponential 
formation were similar.   
 
6.2.2 Oxidation of [(L1)CuI(CH3CN)](PF6) with H2O2 – [Cu]0 dependence  
 3 mL of a solution of 0.5 mM, 0.25 mM, or 0.125 mM [(L1)CuI(CH3CN)](PF6) in acetone were placed 
in a 10 mm path quartz cell equipped with a stir bar and capped with a rubber septum. After cooling down 
the cell to -20 ºC, 100 µL of an acetone solution containing 20 equiv of H2O2 was added (note: the solution 
of H2O2 was deoxygenated by Ar/vacuum cycles before being injected to the Cu(I) complex). The reaction 
spectral changes were recorded every 1 second for 3600 seconds. At least three trials were recorded for 






Figure A2.27. Single exponential and logarithmic fitting of the changes in absorbance at 375 nm from 5 
to 200 seconds obtained in the oxidation of 0.5 mM [(L1)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC 
monitored by UV-vis (exponential fitting: black points: experimental data; red trace: exponential fitting; 
logarithmic fitting: red points: experimental data; black line: linear regression). 
 
 
y = -0.0158x - 0.4705 

























Figure A2.28. Single exponential and logarithmic fitting of the changes in absorbance at 375 nm from 5 
to 200 seconds obtained in the oxidation of 0.25 mM [(L1)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC 
monitored by UV-vis (exponential fitting: black points: experimental data; red trace: exponential fitting; 




y = -0.0183x - 0.9399 
























Figure A2.29. Single exponential and logarithmic fitting of the changes in absorbance at 375 nm from 5 
to 200 seconds obtained in the oxidation of 0.125 mM [(L1)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC 
monitored by UV-vis (exponential fitting: black points: experimental data; red trace: exponential fitting; 
logarithmic fitting: red points: experimental data; black line: linear regression). 
 
 
y = -0.0184x - 1.8433 
























Figure A2.30. Rate dependence on the initial concentration of [(L1)CuI(CH3CN)](PF6).  
 
6.2.3 Oxidation of [(L1)CuI(CH3CN)](PF6) with H2O2 – [H2O2]0 dependence  
 3 mL of a solution of 0.5 mM [(L1)CuI(CH3CN)](PF6) in acetone were placed in a 10 mm path quartz 
cell equipped with a stir bar and capped with a rubber septum. After cooling down the cell to -20 ºC, 100 
µL of an acetone solution containing 5, 10, or 20 equiv of H2O2 was added (note: the solution of H2O2 was 
deoxygenated by Ar/vacuum cycles before being injected to the Cu(I) complex). The reaction spectral 
changes were recorded every 1 second for 3600 seconds. At least three trials were recorded for varied 





















Figure A2.31. Single exponential and logarithmic fitting of the changes in absorbance at 375 nm from 5 to 
200 seconds obtained in the oxidation of 0.5 mM [(L1)CuI(CH3CN)](PF6) with 5 mM H2O2 at -20 oC 
monitored by UV-vis (exponential fitting: black points: experimental data; red trace: exponential fitting; 
logarithmic fitting: red points: experimental data; black line: linear regression). 
  
y = -0.0172x - 0.7296 























Figure A2.32. Single exponential and logarithmic fitting of the changes in absorbance at 375 nm from 5 to 
200 seconds obtained in the oxidation of 0.5 mM [(L1)CuI(CH3CN)](PF6) with 2.5 mM H2O2 at -20 oC 
monitored by UV-vis (exponential fitting: black points: experimental data; red trace: exponential fitting; 
logarithmic fitting: red points: experimental data; black line: linear regression). 
y = -0.0176x - 0.6183 























Figure A2.33. Rate dependence on the concentration of H2O2.  
 
6.2.4 Oxidation of [(L2)CuI(CH3CN)](PF6) with H2O2 
 3 mL of a solution of 0.5 mM [(L2)CuI(CH3CN)](PF6) in acetone were placed in a 10 mm path quartz 
cell equipped with a stir bar and capped with a rubber septum. After cooling down the cell to -20 ºC, 100 
µL of an acetone solution containing 20 equiv of H2O2 was added (note: the solution of H2O2 was 
deoxygenated by Ar/vacuum cycles before being injected to the Cu(I) complex). The reaction spectral 




































Figure A2.34. Oxidation of 0.5 mM [(L2)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by UV-
vis with the possible intermediates and the graph of the evolution of the hydroxylation product. . UV-vis: 























Figure A2.35. Single exponential and logarithmic fitting of the changes in absorbance at 375 nm from 5 
to 200 seconds obtained in the oxidation of 0.5 mM [(L2)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC 
monitored by UV-vis (exponential fitting: black points: experimental data; red trace: exponential fitting; 








y = -0.0193x - 0.3201 























6.2.5 UV-vis Experimentation – Oxidation of [(L3)CuI(CH3CN)](PF6) with H2O2 
 3 mL of a solution of 0.5 mM [(L3)CuI(CH3CN)](PF6) in acetone were placed in a 10 mm path quartz 
cell equipped with a stir bar and capped with a rubber septum. After cooling down the cell to -20 ºC, 100 
µL of an acetone solution containing 20 equiv of was added (note: the solution of H2O2 was deoxygenated 
by Ar/vacuum cycles before being injected to the Cu(I) complex). The reaction spectral changes were 





Figure A2.36. Oxidation of 0.5 mM [(L3)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by UV-
vis with the possible intermediates and the graph of the evolution of the hydroxylation product. . UV-vis: 





















Figure A2.37. Single exponential and logarithmic fitting of the changes in absorbance at 375 nm from 5 
to 200 seconds obtained in the oxidation of 0.5 mM [(L3)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC 
monitored by UV-vis (exponential fitting: black points: experimental data; red trace: exponential fitting; 








y = -0.0216x - 0.3084 






















6.2.6 Oxidation of [(L4)CuI(CH3CN)](PF6) with H2O2 
 3 mL of a solution of 0.5 mM [(L4)CuI(CH3CN)](PF6) in acetone were placed in a 10 mm path quartz 
cell equipped with a stir bar and capped with a rubber septum. After cooling down the cell to -20 ºC, 100 
µL of an acetone solution containing 20 equiv of H2O2 was added (note: the solution of H2O2 was 
deoxygenated by Ar/vacuum cycles before being injected to the Cu(I) complex). The reaction spectral 





Figure A2.38. Oxidation of 0.5 mM [(L4)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by UV-
vis with the possible intermediates and the graph of the evolution of the hydroxylation product. . UV-vis: 






















Figure A2.39. Single exponential and logarithmic fitting of the changes in absorbance at 375 nm from 5 
to 200 seconds obtained in the oxidation of 0.5 mM [(L4)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC 
monitored by UV-vis (exponential fitting: black points: experimental data; red trace: exponential fitting; 
logarithmic fitting: red points: experimental data; black line: linear regression). 
 
  
y = -0.0204x - 0.3786 























6.2.7 Oxidation of [(L5)CuI(CH3CN)](PF6) with H2O2 
 3 mL of a solution of 0.5 mM [(L5)CuI(CH3CN)](PF6), in acetone were placed in a 10 mm path 
quartz cell equipped with a stir bar and capped with a rubber septum. After cooling down the cell to -20 ºC, 
100 µL of an acetone solution containing 20 equiv of H2O2 was added (note: the solution of H2O2 was 
deoxygenated by Ar/vacuum cycles before being injected to the Cu(I) complex). The reaction spectral 





Figure A2.40. Oxidation of 0.5 mM [(L5)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by UV-
vis with the possible intermediates and the graph of the evolution of the hydroxylation product. . UV-vis: 





















Figure A2.41. Single exponential and logarithmic fitting of the changes in absorbance at 375 nm from 5 
to 200 seconds obtained in the oxidation of 0.5 mM [(L5)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC 
monitored by UV-vis (exponential fitting: black points: experimental data; red trace: exponential fitting; 
logarithmic fitting: red points: experimental data; black line: linear regression). 
  
y = -0.0148x - 0.4422 






















6.2.8 Oxidation of [(L6)CuI(CH3CN)](PF6) with H2O2 
 3 mL of a solution of 0.5 mM [(L6)CuI(CH3CN)](PF6), in acetone were placed in a 10 mm path 
quartz cell equipped with a stir bar and capped with a rubber septum. After cooling down the cell to -20 ºC, 
100 µL of an acetone solution containing 20 equiv of H2O2 was added (note: the solution of H2O2 was 
deoxygenated by Ar/vacuum cycles before being injected to the Cu(I) complex). The reaction spectral 





Figure A2.42. Oxidation of 0.5 mM [(L6)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by UV-
vis with the possible intermediates and the graph of the evolution of the hydroxylation product. . UV-vis: 





















Figure A2.43. Single exponential and logarithmic fitting of the changes in absorbance at 373 nm from 5 
to 200 seconds obtained in the oxidation of 0.5 mM [(L6)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC 
monitored by UV-vis (exponential fitting: black points: experimental data; red trace: exponential fitting; 






y = -0.0101x - 0.518 




















6.2.9 Oxidation of [(L7)CuI(CH3CN)](PF6) with H2O2 
 3 mL of a solution of 0.5 mM [(L7)CuI(CH3CN)](PF6), in acetone were placed in a 10 mm path 
quartz cell equipped with a stir bar and capped with a rubber septum. After cooling down the cell to -20 ºC, 
100 µL of an acetone solution containing 20 equiv of H2O2 was added (note: the solution of H2O2 was 
deoxygenated by Ar/vacuum cycles before being injected to the Cu(I) complex). The reaction spectral 






Figure A2.44. Oxidation of 0.5 mM [(L7)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by UV-
vis with the possible intermediates and the graph of the evolution of the hydroxylation product. UV-vis: 





















Figure A2.45. Single exponential and logarithmic fitting of the changes in absorbance at 373 nm from 5 
to 200 seconds obtained in the oxidation of 0.5 mM [(L7)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC 
monitored by UV-vis (exponential fitting: black points: experimental data; red trace: exponential fitting; 
logarithmic fitting: red points: experimental data; black line: linear regression). 
  
y = -0.0207x - 0.2854 






















6.2.9 Oxidation of L1 and L7 with CuII, hydroxide and H2O2 
 2.5 mL of a solution of 0.5 mM L1 or L7 was placed in a 10 mm path quartz cell equipped with a 
stir bar and capped with a rubber septum and taken out of the glovebox and cooled to -20°C. To the solution, 
a syringe containing 0.25 mL of an acetone solution with 1 equiv. Of CuII(CF3SO3)2 was added and the 
spectrum was recorded. After the addition of CuII(CF3SO3)2, 100 µL of an acetone solution containing 20 
equiv of H2O2 was added (note: the solution of H2O2 was deoxygenated by Ar/vacuum cycles before being 
injected to the Cu(II) complex). Immediately after the addition of H2O2, a syringe containing 0.25 mL of an 
acetone solution containing 1 equiv of Me4NOH was added. The reaction spectral changes were recorded 





Figure A2.46. Oxidation of 0.5 mM [(L7)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by UV-



















L1 + CuII 




Figure A2.47. Single exponential and logarithmic fitting of the changes in absorbance at 373 nm from 5 
to 200 seconds obtained in the oxidation of 0.5 mM [(L7)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC 
monitored by UV-vis (exponential fitting: black points: experimental data; red trace: exponential fitting; 
logarithmic fitting: red points: experimental data; black line: linear regression). 
 
y = -0.0172x - 1.0287 






















Figure A2.48. Oxidation of 0.5 mM [(L7)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by UV-



















L7 + CuII 




Figure A2.49. Single exponential and logarithmic fitting of the changes in absorbance at 373 nm from 5 
to 200 seconds obtained in the oxidation of 0.5 mM [(L7)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC 
monitored by UV-vis (exponential fitting: black points: experimental data; red trace: exponential fitting; 






y = -0.0179x - 0.995 























6.2.10 Summary of kinetics, Hammett analysis and kinetic isotope effect.  
 
Table A2.12. k3 values calculated in the hydroxylation of the L1-L7-derived Cu complexes with 
H2O2 (see above details) 
Ligand Conditions 4-substituent kobs (s-1) ±   
L1 LCuI(0.5 mM), H2O2 (10 mM) H 0.020 ± 0.005 
L1 LCuI(0.25 mM), H2O2 (10 mM) H 0.019 ± 0.005 
L1 LCuI(0.125 mM), H2O2 (10 mM) H 0.018 ± 0.007 
L1 LCuI(0.5 mM), H2O2 (5 mM) H 0.021 ± 0.005 
L1 LCuI(0.5 mM), H2O2 (2.5 mM) H 0.019 ± 0.007 
L2 LCuI(0.5 mM), H2O2 (10 mM) MeO 0.022 ± 0.003 
L3 LCuI(0.5 mM), H2O2 (10 mM) Me 0.024 ± 0.005 
L4 LCuI(0.5 mM), H2O2 (10 mM) F 0.022 ± 0.003 
L5 LCuI(0.5 mM), H2O2 (10 mM) Cl 0.021 ± 0.004 
L6 LCuI(0.5 mM), H2O2 (10 mM) Br 0.009 ± 0.002 
L7 LCuI(0.5 mM), H2O2 (10 mM) D 0.024 ± 0.004 
L1 L/CuII/OH(0.5 mM), H2O2 (10 mM) H 0.017 ± 0.003 
L7 L/CuII/OH(0.5 mM), H2O2 (10 mM) D 0.019 ± 0.004 
*: standard deviation 
 
Kinetic isotope effect (KIE):  
 
The KIE for the oxidation of LCuI systems with H2O2 was calculated to be 0.83. In the oxidation of the L1 
and L7 utilizing 1 equiv. of CuII, 1 equiv. of NMe4OH and 20 equiv. of H2O2, the KIE calculated was 0.89.   
 
Hammett analysis:  
The kobs values obtained for the oxidations of the L1-L6 cuprous complexes with H2O2 can be plotted against 




6.2.11 UV-vis spectra of the CuII-bound hydroxylation product  
 
Figure A2.50. UV-vis spectra of the isolated cupric hydroxylation products and the cupric product formed 






















2(CF3SO3)2]): (0.25 mM) 
 e = 5000 M-1 cm-1   
[(L16)CuII(CF3SO3)(H2O)]
+ (0.25 mM) 
 e = 5000 M-1 cm-1   
In situ: L16 (0.5 mM)  + CuII(CF3SO3)2 0.5 mM 
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7. Evolution of reaction yields over time.  
7.1 Oxidation of L1. 
 In the glovebox, 3 mL of acetone was added to a 20-mL vial containing 0.159 mmol of L1 and 
equipped with a stir bar. The solution was taken out of the glovebox and quickly cooled to -20 °C. To the 
solution, 1 mL of a solution containing 0.159 mmol of [CuI(CH3CN)4](PF6) was added and allowed to react. 
After the addition of CuI, 5 equiv of H2O2 were added and aliquots of 500 µL of the solution were quenched 
after 1 s, 5 s, 10 s, 30 s, 60 s, 90 s, 150 s, and 300 s in a vial containing 9 mL of chilled Na2EDTA (pH = 4). 
After all the times were quenched, EtOAc (9 mL X 3) was added. The organic phases were separated, 
combined, dried over MgSO4, filtered, and dried under vacuum. Each fraction was dissolved in 1.4 mL of 
CD3CN solution containing 3.38 mg of 1,3,5-trimethoxybenzene (internal standard). The reaction products 
were quantified by 1H-NMR using integration signals that correspond to the starting material and products 
with the integration signal of the internal standard. 
 
7.2 Competition experiment: oxidation of L1 and L7 
 In the glovebox, 3 mL of acetone was added to a 20-mL vial containing 0.159 mmol of a 50/50 
mixture of L1 and L7 and equipped with a stir bar. The solution was taken out of the glovebox and quickly 
cooled to -20°C. To the solution, 1 mL of a solution containing 0.159 mmol of [CuI(CH3CN)4](PF6) was 
added and allowed to react. After the addition of CuI, 5 equiv of H2O2 were added and aliquots of 500 µL of 
the solution were quenched after 5 s, 10 s, 30 s, 1 min, 1.5 min, 2 min, 2.5 min, and 5 min in a vial containing 
9 mL of chilled Na2EDTA (pH = 4). After all the times were quenched, EtOAc (9 mL X 3) was added. The 
organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. Each 
fraction was dissolved in 1.4 mL of CD3CN solution containing 3.38 mg of 1,3,5-trimethoxybenzene (internal 
standard). The reaction products were quantified by 1H-NMR using integration signals that correspond to 
the starting material and products with the integration signal of the internal standard. To calculate the KIE, 
only the products PL1 and PL7 were used (mixtures of P1 and P7 can not be quantified, since the P7 does 
not have H in the aromatic region).  
 
Table A2.13. Competition experiment: oxidation of L1 and L7. 
Time PL1 (%) PL7 (%) KIE KIE* 
5 s 14 15 0.9 0.7 
10 s 14 12 1.2 1.0 
30 s 11 10 1.1 0.9 
60 s 14 13 1.1 0.9 
90 s 15 14 1.1 0.9 
120 s 13 12 1.1 0.9 
150 s 16 16 1.0 0.8 
300 s 14 16 0.9 0.7 





8. EPR spectroscopy  
 In the glovebox, 1 mL of an acetone solution containing the desired amounts of  
[(L1)CuI(CH3CN)](PF6) was added to a 10 mL 7-inch, 5 mm o.d. quartz tube (1 mM). Outside the glovebox, 
100 µL of H2O2 (10 mM) was added to the solution after being cooled to -20 oC and the sample was 
subsequently frozen with liquid N2 at 0 s, 5 s, 10 s, 30 s, 1 min, 2 min, 5 min, 15 min, 30 min, 60 min. The 
spectra were recorded at 110 K. The CuII signals were quantified using [CuII(TMPA)](ClO4)2 as standard. 











Figure A2.52. Oxidation of 1 mM [(L1)CuI(CH3CN)](PF6) with 10 mM H2O2 at -20 oC monitored by EPR 
with intermediates trapped at 0 s, 5 s, 10 s, 30 s, 1 min, 2 min, 5 min, 15 min, 30 min, and 60 min (most 
spectra depict mixtures of species). The intermediates shown above correspond to the intermediates 
seen in the EPR spectrum. LCuII(OOH): g⊥ = 2.05, g∥ = 2.27, A∥ = 172; (L-O)CuII(OH2): g⊥ = 2.05, g∥ = 
2.24, A∥ = 152; (L-O)CuII: g⊥ = 2.05, g∥ = 2.24, A∥ = 165. CuII signal quantification: 0 s (8%), 5 s (65%), 10 
s (67%), 30 s (79%), 1 min (89%), 2 min (97%), 5 min (100%), 30 min (100%), 60 min (100%).   
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9. Electrochemistry.  
 Cyclic voltammetry: 3 mL of an CH3CN solution containing 1 mM Cu complex solution (complexes 
bearing L1- L7) and NBu4PF6 (100 mM) were prepared in the glovebox and were transferred to an 
electrochemical cell outside the glovebox, which has been purged with Ar for 10 minutes (note: a 
conventional three-electrode cell was used with a glassy carbon working electrode, an Ag/AgNO3 (0.01 M) 
and a platinum wire as the counter-electrode). The potentials were measured with respect to the Ag/AgNO3 
reference electrode and converted to Fc0/+ (Fc0/+ potential measured under the same experimental 
conditions). Cyclic voltammograms were obtained at a scan rate of 0.1 V/s. All electrochemical 
measurements were carried out under an Ar atmosphere. 
 
10. DFT Calculations 
10.1 Computational Details 
 All calculations were performed using the ADF9,10 and QUILD11 programs. Molecular orbitals (MOs) 
were expanded using two uncontracted sets of Slater-type orbitals (STOs) of (I) triple-ζ quality basis set 
with double polarization functions (TZ2P) or (II) the TDZP basis set, which consist of triple-ζ quality basis 
set on the metal and double-ζ quality on all the other atoms, both including one polarization function.12 Core 
electrons (e.g. 1s for second period, 1s2s2p for third and fourth period, 1s2s2p3s3p3d for fifth period) were 
treated by the frozen core (FC) approximation.12 Scalar relativistic corrections were included self-
consistently using the Zeroth Order Regular Approximation13 (ZORA). Solvent effects were taken into 
account with the Conductor-like Screening Model14-16 (COSMO). Geometry optimizations and subsequent 
frequency calculations were performed with QUILD11 using the BP86 functional17,18 with the inclusion of the 
Grimme’s (DFT-D3) dispersion energy19 and TDZP basis set (BP86-D3/TDZP). 20 Single point calculations 
were carried out, on top of the optimized geometries, with the S12g functional21 and TZ2P basis set 
(S12g/TZ2P). Gibbs free energies were finally corrected raising up all the small frequencies to 100 cm-1 in 

















10.2 Absolute energies for all the structures 
Table A2.14. Absolute S12g/TZ2P//BP86-D3/TDZP energies (kcal/mol) for the pathway with the  Cu 
complex (4H). 





RC -4690.00 -4560.50 133.03 -4819.32 -4686.29 0.0 
TS1 -4680.9 -4548.41 133.33 -4803.81 -4670.48 15.81 
TS1hyd -4654.63 -4524.44 131.97 -4780.61 -4648.64 37.65 
INT1 -4708.36 -4574.66 134.69 -4835.08 -4700.39 -14.10 
TS2 -4701.98 -4570.12 131.92 -4832.05 -4700.13 -13.84 
INT2 -4738.49 -4604.99 133.73 -4869.58 -4735.85 -49.56  
TS3 -4724.51 -4592.75 131.92 -4852.32 -4720.40 -34.11 
PC -4762.59 -4630.00 134.38 -4894.47 -4760.09 -73.80 
 
 




Table A2.15. Absolute S12g/TZ2P//BP86-D3/TDZP energies (kcal/mol) for the pathway with the Cu 
complex (4H) with MeCN 
 Eel(BP86-D3) Gel(BP86-D3) Free energy 
correction 
Eel(S12g) G(S12g)  
RC -5537.10 -5379.31 158.26 -5685.71 -5527.45 0.0 
TS1 -5530.40 -5373.11 159.02 -5668.44 -5509.42 18.03 
INT1 -5556.51 -5397.74 160.17 -5698.91 -5538.74 -11.29 
TS2 -5552.80 -5396.90 158.46 -5697.31 -5538.85 -11.40 
INT2 -5587.00 -5429.15 159.39 -5732.90 -5573.51 -46.06 
TS3 -5575.76 -5420.51 157.92 -5717.41 -5559.49 -32.04 
PC -5611.82 -5455.29 159.93 -5758.57 -5598.64 -71.19 
 
Table A2.16. Absolute S12g/TZ2P//BP86-D3/TDZP energies (kcal/mol) for the pathway with the Cu 
complex (4H) with PF6– 
 Eel(BP86-D3) Gel(BP86-D3) Free energy 
correction 
Eel(S12g) G(S12g)  
RC -5607.38 -5472.18 140.04 -5743.28 -5603.24 0.0 
TS1 -5598.11 -5461.16 140.26 -5730.48 -5590.22 13.02 
INT1 -5624.99 -5486.92 141.55 -5760.47 -5618.92 -15.68 
TS2 -5621.31 -5489.23 137.87 -5759.25 -5621.38 -18.14 
INT2 -5653.54 -5517.52 140.15 -5793.54 -5653.39 -50.15 
TS3 -5642.34 -5506.16 139.78 -5777.14 -5637.36 -34.12 






Table A2.17. Absolute S12g/TZ2P//BP86-D3/TDZP energies (kcal/mol) for the pathway with 4-Br 
substituent 
 Eel(BP86-D3) Gel(BP86-D3) Free energy 
correction 
Eel(S12g) G(S12g)  
RC -4637.18 -4513.86 125.59 -4769.39 -4643.80 0.0 
TS -4627.41 -4503.48 125.57 -4754.75 -4629.18 14.62 
INT2 -4686.98 -4561.66 126.03 -4822.12 -4696.09 -52.29 
TS3 -4672.831 -4549.77 123.70 -4804.65 -4680.95 -37.15 
 
Table A2.18. Absolute S12g/TZ2P//BP86-D3/TDZP energies (kcal/mol) for the pathway with 4-MeO 
substituent 
 Eel(BP86-D3) Gel(BP86-D3) Free energy 
correction 
Eel(S12g) G(S12g)  
RC -5211.03 -5063.65 151.05 -5351.75 -5200.70 0.0 
TS -5201.74 -5051.81 151.34 -5335.87 -5184.53 16.17 
INT2 -5267.67 -5116.35 152.06 -5409.61 -5257.55 -56.85 











Table A2.19. Absolute S12g/TZ2P//BP86-D3/TDZP energies (kcal/mol) for the pathway with the 







Eel(S12g) G(S12g)  
CuII2(2:2-O22-) -8994.96 -8995.01 270.76 -9227.98 -8957.22 8.94 
CuIII2(O2-)2 [RC]  -9010.45 -8739.21 273.51  -9239.67 -8966.16 0.0 
TS  -9001.22  -8732.82 272.57  -9227.22 -8954.65 11.51 
 
Table A2.20. Absolute S12g/TZ2P//BP86-D3/TDZP energies (kcal/mol) for the pathway with Cu2O2 







Eel(S12g) G(S12g)  
CuIII2(O2-)2 [RC] -9931.58 -9657.01 281.18 -10169.61 -9888.43 0.0 















Table A2.21. Absolute S12g/TZ2P//BP86-D3/TDZP energies (kcal/mol) for the formation of the 
Cu2O2 species from the CuIIOOH complex (S=0) 
 Eel(BP86-D3) Gel(BP86-D3) Free energy 
correction 
Eel(S12g) G(S12g) 
CuII2(2:2-O22-) -8995.15 -8727.98 270.21 -9226.69 -8956.48 
CuII(OOH) -4690.00 -4560.50 133.03 -4819.32 -4686.29 
H2O2 -415.65 -413.66 1.93 -425.44 -423.51 
Ebinding -30.80 -20.64  -13.49 -7.41 
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12. NMR Spectra 
















































































































































































































13. Tables with coordinates for the DFT calculations 
13.1 Hydroxylaiton with Cu complex (4-H) 
RC TS1 
 
C      -2.297433   -0.227435    0.954815 
C      -2.310069    0.933912    0.161408 
C      -3.422295    1.214398   -0.643958 
C      -4.488600    0.318004   -0.688085 
C      -4.464151   -0.845003    0.087481 
C      -3.373406   -1.111588    0.917362 
C      -1.128831    1.815651    0.135985 
C      -1.286566    3.295400    0.232974 
N       0.026873    1.236440    0.027218 
Cu      0.285837   -0.648109   -0.329496 
O      -0.102561   -2.358777   -0.786915 
O      -0.474724   -3.047856    0.444914 
C       1.264649    2.014981    0.064269 
C       2.453336    1.089652    0.051030 
N       2.203390   -0.221020   -0.143563 
C       3.214186   -1.112137   -0.173172 
C       4.531569   -0.714886   -0.005094 
C       4.804062    0.639329    0.197160 
C       3.754121    1.551915    0.225274 
H       2.930648   -2.150835   -0.334457 
H       5.328629   -1.457246   -0.032008 
H       5.830172    0.980658    0.335578 
H       3.933899    2.615255    0.384311 
H       1.300539    2.644329    0.967461 
H       1.316795    2.680230   -0.814204 
H      -3.437093    2.111721   -1.263464 
H      -5.342659    0.526034   -1.334260 
H      -5.305287   -1.539235    0.052796 
H      -3.360610   -2.004782    1.542342 
H      -1.470352   -0.404420    1.645479 
 
C      -2.552720    0.077425   -1.077494 
C      -2.302013   -0.901509   -0.091744 
C      -3.203213   -1.078105    0.960468 
C      -4.334532   -0.264706    1.051189 
C      -4.586722    0.708242    0.079652 
C      -3.711016    0.866772   -0.991573 
C      -1.069341   -1.709781   -0.143915 
C      -1.170112   -3.192896    0.022037 
N       0.058368   -1.096446   -0.325569 
Cu      0.361112    0.834558   -0.125338 
O      -1.249292    1.688418   -0.248407 
O       0.207753    2.726275    0.172523 
C       1.307706   -1.864103   -0.392944 
C       2.487141   -0.967773   -0.141217 
N       2.218389    0.337681    0.059678 
C       3.211117    1.208908    0.327302 
C       4.531178    0.794738    0.401072 
C       4.824915   -0.553018    0.184012 
C       3.792732   -1.445019   -0.089840 
H       2.906489    2.243641    0.481919 
H       5.314374    1.517861    0.624651 
H       5.855029   -0.907003    0.233335 
H       3.990000   -2.503836   -0.257488 
H       1.393415   -2.321173   -1.393248 
H       1.318641   -2.672951    0.353633 
H      -3.010819   -1.829554    1.727028 
H      -5.023229   -0.393381    1.887374 
H      -5.477190    1.333944    0.154129 
H      -3.909998    1.608311   -1.765470 
H      -1.919154    0.119364   -1.961869 
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H      -0.031616   -3.923173    0.292946 
H      -0.835614    3.791980   -0.640492 
H      -2.339076    3.583574    0.319545 
H      -0.755776    3.661475    1.126948 
H       0.263832    3.156804   -0.718543 
H      -0.658838   -3.513510    0.943886 
H      -2.216228   -3.513829    0.059250 
H      -0.678608   -3.699533   -0.822986 
TS1hydroxyl INT1 
 
C      -1.867058    0.441168    0.139473 
C      -2.215344   -0.928833   -0.045243 
C      -3.527022   -1.369169    0.143289 
C      -4.513609   -0.465412    0.553662 
C      -4.181062    0.863547    0.803665 
C      -2.862049    1.305416    0.608872 
C      -1.100680   -1.864327   -0.297437 
C      -1.339494   -3.289435   -0.654060 
O      -1.022693    2.541295   -1.480885 
O       0.214501    2.459210   -0.567922 
Cu      0.133391    0.616627    0.043861 
N       0.069332   -1.338685   -0.120605 
C       1.343039   -2.018382   -0.254937 
C       2.454600   -1.030346    0.018390 
N       2.103465    0.262911    0.200192 
C       3.058089    1.188713    0.424281 
C       4.403322    0.857738    0.482438 
C       4.772900   -0.475316    0.297260 
C       3.787551   -1.428586    0.062772 
H       2.708348    2.211563    0.555732 
H       5.145817    1.632712    0.668512 
H       5.822546   -0.768602    0.335548 
H       4.042973   -2.477972   -0.087331 
H       1.467757   -2.418593   -1.275786 
H       1.415260   -2.858119    0.454872 
H      -3.790432   -2.418405    0.002676 
H      -5.537486   -0.811607    0.700631 
H      -4.942750    1.563710    1.152746 
H      -2.623066    2.351668    0.821327 
 
C      -3.619362   -1.277176    0.291674 
C      -2.374229   -0.815773   -0.096894 
C      -2.208194    0.600961   -0.576203 
C      -3.468603    1.397656   -0.621787 
C      -4.669639    0.882301   -0.227638 
C      -4.754198   -0.452872    0.229335 
C      -1.183331   -1.629315    0.000696 
C      -1.277688   -3.113108    0.181438 
O      -1.359259    1.339242    0.321409 
Cu      0.394807    0.826096    0.138401 
O       0.849270    2.586159    0.264236 
N       2.239541    0.284504    0.045278 
C       2.428415   -1.045069   -0.068632 
C       3.707234   -1.572419   -0.207307 
C       4.794188   -0.704844   -0.226586 
C       4.579075    0.668826   -0.105414 
C       3.281493    1.135898    0.028648 
C       1.199321   -1.888950   -0.004315 
N      -0.003439   -1.048628   -0.085719 
H       3.027082    2.190323    0.123861 
H       5.406370    1.377337   -0.115250 
H       5.805203   -1.096911   -0.338752 
H       3.839044   -2.650087   -0.298843 
H       1.201491   -2.614305   -0.832878 
H       1.209433   -2.453656    0.943078 
H      -3.741696   -2.281381    0.694206 
H      -5.714506   -0.849365    0.560629 
H      -5.570095    1.497449   -0.257805 
H      -3.362332    2.432200   -0.950304 
284 
 
H      -1.542603    1.707210   -1.077331 
H      -1.485901    3.350186   -1.124106 
H      -1.731327   -3.822487    0.227228 
H      -2.095298   -3.358399   -1.449138 
H      -0.426534   -3.796772   -0.984293 
H      -1.772212    0.582970   -1.599844 
H      -0.024953    3.044595    0.272739 
H      -0.899870   -3.398748    1.175865 
H      -2.301322   -3.478257    0.069585 
H      -0.661226   -3.626662   -0.569949 
TS2 INT2 
 
C      -3.568341   -1.393239   -0.389527 
C      -2.383666   -0.772682   -0.012028 
C      -2.332537    0.719867   -0.012920 
C      -3.610749    1.406793   -0.233411 
C      -4.758376    0.729623   -0.583708 
C      -4.731460   -0.665961   -0.663917 
C      -1.191855   -1.573038    0.272290 
C      -1.368854   -3.016770    0.634562 
O      -1.383479    1.415222    0.641130 
Cu      0.440049    0.910138    0.266906 
O       0.983202    2.711500    0.282400 
N       2.289717    0.249941   -0.006381 
C       2.409680   -1.089813   -0.020637 
C       3.624624   -1.704290   -0.306309 
C       4.731585   -0.904567   -0.577577 
C       4.595324    0.484600   -0.557937 
C       3.353057    1.031283   -0.270143 
C       1.170746   -1.863362    0.328723 
N      -0.016410   -1.018528    0.166781 
H       3.158413    2.102814   -0.241927 
H       5.440133    1.140142   -0.767090 
H       5.694344   -1.361803   -0.807779 
H       3.695884   -2.791893   -0.316036 
H       1.097263   -2.764999   -0.297049 
H       1.252755   -2.184837    1.382631 
H      -3.609783   -2.477101   -0.481708 
H      -5.631040   -1.207189   -0.958677 
H      -5.677387    1.277614   -0.793085 
 
C      -3.500188    1.346399    0.511628 
C      -2.367035    0.742943   -0.003229 
C      -2.422006   -0.684632   -0.247315 
C      -3.757168   -1.369686   -0.179389 
C      -4.871616   -0.628630    0.443697 
C      -4.729235    0.673814    0.780803 
C      -1.162366    1.555368   -0.237859 
C      -1.341159    3.029971   -0.460546 
O      -1.438435   -1.412064   -0.547214 
Cu      0.455091   -0.907643   -0.214556 
O       0.951705   -2.709912   -0.124522 
N       2.314461   -0.258227    0.024785 
C       2.446970    1.077381   -0.058039 
C       3.681675    1.690510    0.135355 
C       4.787726    0.895856    0.421271 
C       4.634899   -0.489631    0.505925 
C       3.376883   -1.036449    0.301089 
C       1.203394    1.855301   -0.387690 
N       0.015843    1.005485   -0.236366 
H       3.169093   -2.104800    0.350432 
H       5.479146   -1.140602    0.730922 
H       5.764187    1.353957    0.581788 
H       3.766855    2.774975    0.065010 
H       1.145445    2.737224    0.266522 
H       1.275583    2.204784   -1.432794 
H      -3.461031    2.406896    0.761209 
H      -5.544309    1.236814    1.235019 
H      -5.812425   -1.160062    0.597980 
285 
 
H      -3.571429    2.496272   -0.180978 
H      -2.161530    0.767000   -1.180702 
H       0.139493    3.211500    0.356731 
H      -0.610329   -3.328983    1.363197 
H      -2.353211   -3.204659    1.075328 
H      -1.257864   -3.647050   -0.263160 
H      -4.039550   -1.596742   -1.229697 
H      -3.622133   -2.361130    0.285126 
H       0.126834   -3.231157   -0.244049 
H      -0.610685    3.405885   -1.187843 
H      -2.341100    3.258474   -0.843573 
H      -1.190122    3.578470    0.483818 
TS3 PC 
 
C      -3.070655    1.221152    0.983494 
C      -2.151115    0.946226   -0.012295 
C      -2.233985   -0.318886   -0.709036 
C      -3.065534   -1.369338   -0.120910 
C      -4.021673   -0.998654    0.903097 
C      -4.020539    0.263856    1.430418 
C      -0.977023    1.824224   -0.218219 
C      -1.094641    3.304219   -0.044766 
O      -1.432865   -0.631791   -1.659514 
Cu      0.214262   -0.744331   -0.421924 
O      -0.507701   -2.324044    0.412148 
N       2.080246   -0.442082    0.087161 
C       2.480674    0.845764   -0.020943 
C       3.790019    1.210255    0.273435 
C       4.688318    0.231649    0.689774 
C       4.258130   -1.089943    0.810661 
C       2.940759   -1.392348    0.500877 
C       1.449291    1.854672   -0.478517 
N       0.143622    1.217964   -0.443715 
H       2.533985   -2.399394    0.578801 
H       4.930995   -1.879599    1.143133 
H       5.718437    0.500115    0.926758 
H       4.094606    2.252624    0.180559 
H       1.499811    2.747945    0.161230 
H       1.678477    2.155651   -1.515829 
H      -3.036544    2.186131    1.493280 
H      -4.720454    0.543051    2.218267 
 
C      -3.367717   -1.057544   -0.048931 
N      -2.283483   -0.259686    0.045067 
C      -2.426156    1.081839    0.005335 
C      -3.678978    1.668145   -0.147952 
C      -4.798886    0.850845   -0.255496 
C      -4.642031   -0.535364   -0.200864 
Cu     -0.421382   -0.826643    0.155020 
C      -1.178926    1.904815    0.166499 
N       0.011496    1.054906    0.112920 
C       1.212332    1.574014    0.137865 
C       1.372785    3.065729    0.260029 
C       2.404390    0.741685    0.019138 
C       3.636162    1.357275   -0.315629 
C       4.811222    0.640857   -0.454786 
C       4.797562   -0.748400   -0.242887 
C       3.616303   -1.391235    0.073314 
C       2.392649   -0.684784    0.196168 
O       1.327904   -1.403878    0.493058 
O      -0.824582   -2.863015   -0.179536 
H      -3.183092   -2.128063    0.007929 
H      -5.496222   -1.207332   -0.275611 
H      -5.788903    1.290162   -0.380903 
H      -3.766687    2.754092   -0.181604 
H      -1.145722    2.669115   -0.625767 
H      -1.237608    2.421338    1.140108 
H       3.663296    2.429282   -0.501864 
H       5.733613    1.151429   -0.731906 
286 
 
H      -4.725965   -1.752211    1.260552 
H      -3.380363   -2.149108   -0.828139 
H      -2.069753   -1.924412    0.354148 
H      -0.486700   -3.089727   -0.207676 
H      -0.427133    3.829901   -0.739581 
H      -2.124156    3.635293   -0.222748 
H      -0.807744    3.583386    0.982549 
H       5.718150   -1.327724   -0.338697 
H       3.583514   -2.470781    0.229510 
H       0.082612   -3.255360   -0.112531 
H      -1.084624   -3.023960   -1.118838 
H       0.574556    3.499853    0.873138 
H       2.328135    3.330234    0.723057 

























13.2 Hydroxylation with Cu complex 4-Br 
RC TS1 
 
C         -0.00000        1.40085        0.00000 
C          0.00000        0.00000        0.00000 
C          1.21527       -0.69391        0.07540 
C          2.41990        0.00293        0.09573 
C          2.39495        1.39864        0.08803 
C          1.19646        2.10883        0.06065 
C         -1.27958       -0.72475       -0.09672 
C         -1.58965       -1.81687        0.87403 
N         -2.11065       -0.35100       -1.01834 
Cu        -1.66596        0.70289       -2.62858 
O         -0.00026        1.10797       -3.20380 
O          0.35868        2.47248       -2.87696 
C         -3.44857       -0.93784       -1.09940 
C         -4.25728       -0.21533       -2.14292 
N         -3.57346        0.58274       -2.99093 
C         -4.22811        1.25553       -3.96061 
C         -5.60167        1.15398       -4.11468 
C         -6.31601        0.32963       -3.24442 
C         -5.63605       -0.36406       -2.24807 
H         -3.61584        1.88148       -4.60736 
H         -6.09976        1.71533       -4.90403 
H         -7.39796        0.23285       -3.33881 
H         -6.16496       -1.01278       -1.55021 
H         -3.96123       -0.87954       -0.12686 
H         -3.37422       -2.00276       -1.38246 
H          1.22801       -1.78431        0.07759 
H          3.36701       -0.53485        0.11906 
Br         4.05960        2.36739        0.11414 
H          1.19211        3.19776        0.07045 
H         -0.94696        1.94071       -0.03946 
H          1.34306        2.37594       -2.79586 
 
C      -1.134155   -0.506686   -1.070614 
C      -0.820937   -1.453222   -0.074923 
C      -1.796687   -1.820990    0.857877 
C      -3.343267   -0.279547   -0.154376 
C       0.534768   -2.021593   -0.003474 
C       0.702474   -3.494813    0.185904 
N       1.548025   -1.216807   -0.120926 
Cu      1.512915    0.724612    0.160065 
O      -0.215393    1.274416    0.088410 
O       1.031124    2.517913    0.605909 
C       2.911577   -1.762041   -0.127580 
C       3.918932   -0.650518   -0.086466 
N       3.433376    0.584354    0.151084 
C       4.260189    1.644613    0.234853 
C       5.629043    1.501305    0.077088 
C       6.146013    0.228920   -0.173830 
C       5.283273   -0.860245   -0.254451 
H       3.784863    2.605673    0.429351 
H       6.276032    2.374789    0.145558 
H       7.218744    0.087499   -0.308118 
H       5.657634   -1.865177   -0.447875 
H       3.060722   -2.371750   -1.033424 
H       3.071733   -2.410908    0.749535 
H      -1.568908   -2.549100    1.636901 
Br     -5.074619    0.559075   -0.182040 
H      -0.413683   -0.296089   -1.859241 
H       0.984915    3.020131   -0.248121 
H       1.246698   -3.703613    1.120905 
H      -0.264006   -4.008417    0.201994 
H       1.299725   -3.910459   -0.640849 
C      -3.055731   -1.225223    0.832741 
288 
 
H         -1.90216       -2.73233        0.35016 
H         -0.73461       -2.03257        1.52325 
H         -2.42933       -1.50045        1.51520 
C      -2.408861    0.067738   -1.123736 
H      -2.651281    0.784635   -1.906691 
H      -3.803410   -1.491562    1.578938 
INT2 TS3 
 
C       1.934617   -1.952305    0.304838 
C       0.861735   -1.208296   -0.160963 
C       1.103753    0.179521   -0.479129 
C       2.531394    0.666311   -0.545898 
C       3.548961   -0.200043    0.090319 
C       3.256592   -1.465116    0.483109 
C      -0.462278   -1.835116   -0.269450 
C      -0.526016   -3.326628   -0.432710 
O       0.224186    1.037833   -0.749320 
Cu     -1.677610    0.844335   -0.197656 
O      -1.864298    2.697806   -0.050244 
N      -3.601747    0.497898    0.139339 
C      -3.944699   -0.801447    0.087424 
C      -5.254018   -1.208338    0.328596 
C      -6.212297   -0.244885    0.627397 
C      -5.840933    1.100340    0.681123 
C      -4.519462    1.438291    0.430053 
C      -2.851914   -1.773590   -0.260722 
N      -1.542745   -1.111795   -0.212729 
H      -4.144770    2.461245    0.451653 
H      -6.564742    1.879851    0.916741 
H      -7.243618   -0.540772    0.822960 
H      -5.510856   -2.266852    0.283499 
H      -2.891236   -2.623323    0.437147 
H      -3.035434   -2.156982   -1.279636 
H       1.763974   -2.985249    0.608256 
H       4.007836   -2.115414    0.927562 
Br      5.286004    0.525113    0.298710 
H       2.774892    0.738815   -1.625715 
 
C       1.662190   -2.103292    0.709673 
C       0.641712   -1.693393   -0.131091 
C       0.896960   -0.612141   -1.053468 
C       2.081477    0.223143   -0.827251 
C       3.111896   -0.310663    0.037806 
C       2.910457   -1.439799    0.788364 
C      -0.735932   -2.199859    0.031148 
C      -0.985795   -3.613058    0.447313 
O       0.024737   -0.195567   -1.889360 
Cu     -1.239837    0.564716   -0.417331 
O       0.075769    1.909114    0.010044 
N      -3.071534    0.865125    0.198469 
C      -3.798635   -0.267784    0.339271 
C      -5.150208   -0.211306    0.662939 
C      -5.752346    1.029338    0.846071 
C      -4.988834    2.189452    0.710086 
C      -3.646705    2.069904    0.385044 
C      -3.090438   -1.583879    0.115249 
N      -1.680583   -1.326021   -0.117087 
H      -2.994731    2.933144    0.262780 
H      -5.425509    3.177396    0.850278 
H      -6.811765    1.091908    1.096206 
H      -5.718984   -1.135604    0.765717 
H      -3.249509   -2.237838    0.986952 
H      -3.524942   -2.078279   -0.771199 
H       1.496982   -2.942740    1.387638 
H       3.678697   -1.817578    1.461029 
Br      4.769744    0.625414    0.130517 
H       2.418453    0.778844   -1.710680 
289 
 
H       2.571228    1.697375   -0.163278 
H      -0.986995    3.085296   -0.266241 
H      -1.345365   -3.609458   -1.105496 
H       0.402881   -3.725965   -0.853270 
H      -0.709870   -3.806898    0.542338 
H       1.379789    1.093506   -0.269043 
H       0.128261    2.600005   -0.690993 
H      -1.888520   -4.006201   -0.038746 
H      -0.135495   -4.253580    0.187148 















13.3 Hydroxylation with Cu complex 4-MeO 
RC TS1 
 
C      -4.488811   -1.191405    0.238563 
C      -3.154728   -0.865395    0.013985 
N      -2.776061    0.414437   -0.176817 
C      -3.687195    1.407668   -0.150940 
C      -5.030624    1.148540    0.071216 
C      -5.436072   -0.172836    0.267677 
C      -2.070646   -1.908715   -0.035232 
N      -0.757657   -1.264762   -0.067571 
Cu     -0.836104    0.637839   -0.434278 
O      -0.187878    2.256232   -0.928167 
O       0.301995    2.929798    0.267731 
C       0.328716   -1.976505    0.032577 
C       0.294323   -3.469062    0.090892 
C       1.605069   -1.261592    0.116263 
C       1.708916   -0.075111    0.874514 
C       2.886987    0.646136    0.905919 
C       4.003112    0.202885    0.173620 
C       3.921833   -0.985290   -0.570209 
C       2.734542   -1.710912   -0.581543 
H      -3.303005    2.413470   -0.311536 
H      -5.744326    1.971366    0.090869 
H      -6.485894   -0.406723    0.447067 
H      -4.772677   -2.232389    0.393387 
H      -2.162084   -2.569530    0.841333 
H      -2.211854   -2.526330   -0.939418 
H       2.681680   -2.620421   -1.180726 
H       2.973839    1.551170    1.507199 
H       0.874085    0.245180    1.500776 
H       0.110524    3.873040    0.023059 
H      -0.249041   -3.886619   -0.770083 
H       1.300583   -3.897892    0.137179 
 
C      -3.868655    0.825806   -0.790012 
C      -2.669236    1.535950   -0.789959 
C      -1.651673    1.233379    0.118621 
C      -1.877258    0.219883    1.080449 
C      -3.088466   -0.465497    1.111174 
C      -4.079482   -0.189321    0.156817 
C      -0.353227    1.905769    0.044246 
N       0.726619    1.188150    0.172070 
C       2.038935    1.844179    0.179327 
C       3.136168    0.826512    0.062184 
N       2.752086   -0.443265   -0.176653 
C       3.667571   -1.420690   -0.327540 
C       5.024498   -1.154417   -0.239860 
C       5.436416    0.156010    0.011715 
C       4.483354    1.158083    0.163488 
Cu      0.844890   -0.746806   -0.132019 
O       0.509140   -2.571484   -0.613883 
C      -0.299951    3.385751   -0.171895 
O      -0.832205   -1.454401   -0.044770 
H       3.272567   -2.417933   -0.518611 
H       5.744254   -1.962406   -0.363878 
H       6.497536    0.393948    0.091312 
H       4.774061    2.190325    0.358562 
H       2.159479    2.417331    1.113481 
H       2.130521    2.547541   -0.664509 
H       0.529839   -3.094250    0.228197 
H       0.204216    3.618786   -1.123433 
H      -1.302414    3.825592   -0.173011 
H       0.282014    3.861065    0.633011 
H      -1.145892    0.060328    1.871012 
H      -3.275146   -1.229351    1.866058 
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H      -0.243320   -3.780843    1.001727 
H       4.770045   -1.351485   -1.144337 
O       5.109888    0.982672    0.264752 
C       6.295997    0.547489   -0.445200 
H       6.629327   -0.430772   -0.071105 
H       7.053825    1.307212   -0.232811 
H       6.103059    0.502170   -1.526081 
H      -2.517308    2.307226   -1.545773 
H      -4.623355    1.068089   -1.534960 
O      -5.201954   -0.946861    0.244041 
C      -6.252082   -0.698193   -0.723171 
H      -6.634830    0.326587   -0.619390 
H      -7.040006   -1.418295   -0.484037 




C       2.873923   -1.645380    0.269452 
C       1.720937   -0.951621   -0.111699 
C       1.847218    0.463467   -0.310588 
C       3.228295    1.068039   -0.344565 
C       4.348485    0.235870    0.164397 
C       4.153489   -1.096203    0.446349 
C       0.456258   -1.675376   -0.253295 
C       0.511910   -3.162374   -0.473150 
O       0.904143    1.280663   -0.509482 
Cu     -0.994472    0.888698   -0.098615 
O      -1.363640    2.718482    0.089356 
N      -2.894743    0.359849    0.140142 
C      -3.117732   -0.962032    0.036027 
C      -4.394416   -1.492106    0.204689 
C      -5.448276   -0.628424    0.485357 
C      -5.202257    0.742572    0.591370 
C      -3.907202    1.204390    0.412193 
C      -1.929316   -1.823504   -0.287750 
N      -0.686757   -1.049512   -0.189751 
H      -3.628095    2.255500    0.478373 
H      -6.003692    1.446910    0.812002 
H      -6.456021   -1.020947    0.624235 
H      -4.551722   -2.567377    0.117189 
H      -1.914405   -2.683338    0.399032 
H      -2.051351   -2.209033   -1.315171 
 
C       2.486996   -1.663172    0.731510 
C       1.485018   -1.375183   -0.194322 
C       1.650579   -0.221964   -1.033403 
C       2.666529    0.761817   -0.668768 
C       3.693914    0.371872    0.280364 
C       3.590913   -0.830079    0.968949 
C       0.186592   -2.067983   -0.138693 
C       0.106250   -3.506917    0.268161 
O       0.791462    0.117541   -1.931247 
Cu     -0.669864    0.605034   -0.600984 
O       0.402543    2.111002    0.026184 
N      -2.492730    0.649785    0.109015 
C      -3.068558   -0.569254    0.225697 
C      -4.375111   -0.697856    0.684486 
C      -5.089023    0.446021    1.028579 
C      -4.479823    1.696338    0.913850 
C      -3.174467    1.760495    0.451448 
C      -2.237431   -1.771674   -0.171068 
N      -0.864964   -1.339342   -0.355951 
H      -2.634810    2.700334    0.344564 
H      -5.005449    2.612212    1.180956 
H      -6.114088    0.362439    1.390579 
H      -4.821512   -1.688420    0.772939 
H      -2.335414   -2.551801    0.598455 
H      -2.628690   -2.174014   -1.122429 
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H       2.782709   -2.707719    0.495434 
H       4.955892   -1.738770    0.799411 
O       5.483575    0.908630    0.271969 
H       3.439389    1.291849   -1.408419 
H       3.206897    2.039945    0.171153 
H      -0.509398    3.185447   -0.045353 
H      -0.283597   -3.485569   -1.155969 
H       1.466275   -3.471484   -0.911424 
H       0.372146   -3.694410    0.482133 
C       6.672103    0.182262    0.718222 
H       6.501551   -0.211353    1.727107 
H       7.471071    0.927466    0.723775 
H       6.897179   -0.622084    0.007723 
H       2.394221   -2.555980    1.353209 
H       4.327928   -1.133731    1.708440 
O       4.678337    1.264699    0.417258 
H       3.009369    1.403121   -1.490400 
H       1.778557    1.506341   -0.160598 
H       0.408026    2.847649   -0.628260 
H      -0.672225   -4.024412   -0.308000 
H       1.061791   -4.016659    0.100948 
H      -0.153239   -3.582167    1.336503 
C       5.733647    0.975891    1.380902 
H       5.305310    0.879304    2.386640 
H       6.403294    1.838297    1.333196 




















13.4 Hydroxylation with Cu complexes (4H) with MeCN 
RC TS1 
 
C      -2.745125    0.288203   -0.412316 
C      -2.420457   -1.075933   -0.433627 
C      -3.223108   -1.992527    0.260609 
C      -4.311802   -1.540370    1.003691 
C      -4.623841   -0.178043    1.035210 
C      -3.846222    0.733048    0.317177 
C      -1.219284   -1.557301   -1.149946 
C      -1.350707   -2.745886   -2.054527 
N      -0.105663   -0.934477   -0.938152 
Cu      0.253898    0.529866    0.364121 
O       0.020920    1.462448    1.947177 
O       0.580177    0.739899    3.080411 
C       1.131820   -1.363518   -1.592573 
C       2.305839   -1.114656   -0.678382 
N       2.097983   -0.280188    0.359227 
C       3.098690   -0.007850    1.215253 
C       4.362861   -0.559496    1.059378 
C       4.590299   -1.419562   -0.015960 
C       3.548729   -1.702897   -0.894937 
H       2.849765    0.660535    2.037718 
H       5.151399   -0.320840    1.772384 
H       5.571485   -1.871826   -0.164380 
H       3.690403   -2.378533   -1.738718 
H       1.259552   -0.761289   -2.510231 
H       1.118516   -2.423202   -1.881594 
H      -2.979103   -3.055894    0.244504 
H      -4.919835   -2.255067    1.560535 
H      -5.480747    0.171235    1.613291 
H      -4.100403    1.794155    0.320089 
H      -2.152579    0.992101   -0.995254 
H       1.027900    1.481510    3.563022 
 
C      -2.333978    0.438756   -1.565132 
C      -2.160378    1.167220   -0.364754 
C      -3.161316    1.146230    0.607952 
C      -4.307493    0.370663    0.415486 
C      -4.475358   -0.366932   -0.758123 
C      -3.505993   -0.313034   -1.757305 
C      -0.900365    1.878061   -0.092584 
C      -0.953880    3.221225    0.560343 
N       0.214411    1.276106   -0.371247 
Cu      0.407608   -0.667887   -0.624714 
O      -1.221880   -1.376375   -1.097473 
O       0.134608   -2.574873   -0.819756 
C       1.486988    1.924742   -0.034281 
C       2.602436    0.920466   -0.000628 
N       2.261599   -0.367622   -0.200640 
C       3.191215   -1.341989   -0.144378 
C       4.520675   -1.051781    0.116880 
C       4.889963    0.279715    0.317846 
C       3.921917    1.277403    0.257979 
H       2.829090   -2.355194   -0.315040 
H       5.252541   -1.857423    0.161116 
H       5.929399    0.538026    0.522588 
H       4.179081    2.324825    0.415098 
H       1.430305    2.400197    0.957921 
H       1.708724    2.708707   -0.777162 
H      -3.033166    1.695792    1.541230 
H      -5.069377    0.336718    1.195766 
H      -5.371925   -0.972135   -0.899099 
H      -3.638664   -0.860982   -2.690519 
H      -1.633587    0.588631   -2.385074 
H      -0.216159   -2.911892    0.042772 
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H      -0.795627   -3.605872   -1.646860 
H      -2.401155   -3.029696   -2.177616 
H      -0.934444   -2.516404   -3.046330 
C       0.105142    3.094286   -1.543087 
N       0.060889    2.171323   -0.842428 
C       0.160995    4.239638   -2.409997 
H       0.005283    3.923080   -3.449378 
H      -0.621715    4.954326   -2.123907 
H       1.144480    4.719065   -2.317294 
H      -1.965548    3.638770    0.523727 
H      -0.641016    3.128066    1.614615 
H      -0.265350    3.923120    0.069491 
C      -0.883788   -0.610275    2.311287 
N      -0.031400    0.167295    2.476976 
C      -1.925535   -1.574088    2.042074 
H      -2.101444   -1.601563    0.953497 
H      -1.617122   -2.567571    2.397233 
H      -2.851777   -1.283597    2.555304 
INT1 TS2 
 
C       3.819979    1.201593    0.326036 
C       2.511973    0.839740    0.059753 
C       2.206304   -0.501012   -0.550772 
C       3.401432   -1.340244   -0.847667 
C       4.670911   -0.923130   -0.566829 
C       4.889053    0.345001    0.018129 
C       1.387949    1.695567    0.364592 
C       1.573705    3.161051    0.606921 
O       1.426326   -1.304338    0.354043 
Cu     -0.301020   -0.687803    0.451264 
O      -0.863647   -2.415543    0.318278 
N      -2.114916   -0.050552    0.591220 
C      -2.242274    1.287111    0.476906 
C      -3.496590    1.873201    0.349068 
C      -4.624084    1.058727    0.363529 
C      -4.474701   -0.320313    0.518270 
C      -3.198353   -0.848424    0.624322 
C      -0.972375    2.068882    0.519906 
N       0.180036    1.176565    0.368272 
H      -2.993271   -1.914907    0.703244 
H      -5.335926   -0.986686    0.540250 
H      -5.616223    1.496650    0.251207 
H      -3.578280    2.953931    0.236730 
H      -0.965480    2.815677   -0.290490 
 
C       3.684517    1.340068   -0.259259 
C       2.456104    0.790282    0.092414 
C       2.299560   -0.694765    0.014886 
C       3.532264   -1.464216   -0.175301 
C       4.724634   -0.863291   -0.488680 
C       4.791285    0.538872   -0.554100 
C       1.312639    1.637915    0.365176 
C       1.526583    3.099632    0.626366 
O       1.380477   -1.344314    0.813135 
Cu     -0.392918   -0.752087    0.640590 
O      -0.992381   -2.520855    0.688245 
N      -2.226642   -0.072078    0.585217 
C      -2.320163    1.251320    0.351983 
C      -3.544811    1.847186    0.070578 
C      -4.687660    1.053324    0.052570 
C      -4.579517   -0.312330    0.321592 
C      -3.327006   -0.847273    0.579186 
C      -1.041117    2.019490    0.471452 
N       0.106077    1.117116    0.331503 
H      -3.150290   -1.905626    0.765906 
H      -5.454640   -0.960900    0.323194 
H      -5.658307    1.496237   -0.172033 
H      -3.594552    2.916967   -0.131318 
H      -0.992631    2.814182   -0.288773 
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H      -0.927296    2.610707    1.480524 
H       4.048207    2.147668    0.814458 
H       5.905547    0.661520    0.254124 
H       5.523917   -1.566739   -0.787715 
H       3.195914   -2.324418   -1.270501 
H       1.652286   -0.334946   -1.501711 
H      -0.030125   -2.911510    0.134837 
H       1.199638    3.438227    1.604084 
H       2.618411    3.467729    0.517696 
H       0.999289    3.735004   -0.136510 
C      -1.213365    0.188588   -2.574109 
N      -0.363572    0.985771   -2.560430 
C      -2.250925   -0.815715   -2.544142 
H      -1.948718   -1.626385   -1.862543 
H      -3.190099   -0.369329   -2.190778 
H      -2.407066   -1.225014   -3.551240 
H      -1.035081    2.503033    1.464794 
H       3.806148    2.419825   -0.321858 
H       5.728240    1.020815   -0.835694 
H       5.613719   -1.463389   -0.685806 
H       3.427589   -2.548778   -0.115663 
H       1.927950   -0.716907   -1.099139 
H      -0.159909   -3.042248    0.620726 
H       0.808625    3.473142    1.367186 
H       2.531258    3.300997    1.009733 
H       1.381860    3.673890   -0.303499 
C      -0.368038   -0.901955   -2.504418 
N       0.737543   -0.536932   -2.570333 
C      -1.727656   -1.367167   -2.386726 
H      -1.774021   -2.074703   -1.542353 
H      -2.394613   -0.516509   -2.192495 
H      -2.036950   -1.868161   -3.314056 
INT2 TS3 
C       3.449383   -1.150204    0.757612 
C       2.343572   -0.827665   -0.006443 
C       2.399664    0.386404   -0.795843 
C       3.701534    1.126586   -0.882772 
C       4.776342    0.726260    0.045299 
C       4.641326   -0.371361    0.824882 
C       1.146525   -1.676043    0.074937 
C       1.315253   -3.113925    0.471827 
O       1.440789    0.871502   -1.455506 
Cu     -0.442609    0.575669   -0.934100 
O      -0.901993    2.318860   -1.426858 
N      -2.315777    0.088260   -0.502373 
C      -2.456067   -1.143287    0.021062 
C      -3.682360   -1.578266    0.514300 
C      -4.773526   -0.715855    0.454752 
C      -4.613894    0.557510   -0.095550 
C      -3.363577    0.929406   -0.566291 
C      -1.223759   -2.005626    0.030747 
C      -2.896549   -1.300970   -0.667516 
C      -2.099922   -0.883059    0.384217 
C      -2.292678    0.448412    0.917785 
C      -3.082137    1.394363    0.127569 
C      -3.902080    0.877838   -0.949221 
C      -3.809804   -0.435015   -1.325036 
C      -0.933186   -1.692904    0.803674 
C      -0.983682   -3.183107    0.720614 
O      -1.610274    0.897070    1.906885 
Cu      0.143255    0.924920    0.845864 
O      -0.516729    2.411937   -0.199539 
N       1.968389    0.588770    0.237488 
C       2.413448   -0.663582    0.486610 
C       3.667951   -1.071177    0.050383 
C       4.457550   -0.176093   -0.666089 
C       3.976367    1.106183   -0.934100 
C       2.721238    1.458484   -0.462024 
C       1.469191   -1.584913    1.229999 
296 
 
N      -0.029890   -1.173966   -0.162959 
H      -3.146557    1.908357   -0.992157 
H      -5.446316    1.258051   -0.154787 
H      -5.742300   -1.031711    0.843205 
H      -3.773610   -2.576103    0.943531 
H      -1.174746   -2.562491    0.977547 
H      -1.301666   -2.737545   -0.792772 
H       3.409064   -2.034931    1.393274 
H       5.433675   -0.685794    1.504146 
H       5.686697    1.327825    0.058393 
H       4.072297    0.988448   -1.920651 
H       3.491697    2.207829   -0.814257 
H      -0.057808    2.770510   -1.649452 
H       0.619133   -3.750943   -0.088878 
H       2.330619   -3.470092    0.271110 
H       1.099682   -3.243234    1.545162 
C       0.405230    1.712955    1.860637 
N       1.557437    1.563985    1.769310 
C      -1.024643    1.915820    1.947661 
H      -1.354448    2.454336    1.046634 
H      -1.537653    0.946288    1.998935 
H      -1.265706    2.500893    2.845980 
N       0.134090   -1.024730    1.099702 
H       2.274079    2.436095   -0.636887 
H       4.562752    1.826258   -1.503557 
H       5.440138   -0.482272   -1.026784 
H       4.009539   -2.085309    0.256138 
H       1.553590   -2.601979    0.824329 
H       1.748529   -1.604050    2.297971 
H      -2.780976   -2.313964   -1.057880 
H      -4.406216   -0.825156   -2.149662 
H      -4.578720    1.560004   -1.466620 
H      -3.502399    2.229526    0.705706 
H      -2.060105    1.950552   -0.282765 
H      -0.569109    3.228501    0.350027 
H      -0.351115   -3.639001    1.492212 
H      -2.011355   -3.543056    0.846827 
H      -0.611152   -3.506200   -0.265657 
C       0.289647   -0.833600   -2.247863 
N       0.810918   -1.816932   -1.904950 
C      -0.360772    0.390222   -2.650940 
H      -0.066974    1.218733   -1.990707 
H      -0.083705    0.637357   -3.685406 
H      -1.451226    0.268436   -2.596486 
PC 
C      -3.539261    1.288350   -0.220198 
C      -2.386055    0.509827   -0.488134 
C      -2.414950   -0.884122   -0.141426 
C      -3.609515   -1.416715    0.403513 
C      -4.714584   -0.622106    0.643932 
C      -4.680797    0.750036    0.344224 
C      -1.212641    1.170922   -1.044251 
C      -1.359845    2.524693   -1.682078 
O      -1.408810   -1.728145   -0.293469 
Cu      0.373883   -1.151724   -0.325093 
O       0.887972   -3.110219    0.134717 
N       2.194784   -0.471422   -0.100829 
297 
 
C       2.363056    0.758944   -0.632661 
C       3.566675    1.441074   -0.497217 
C       4.606605    0.841694    0.206993 
C       4.419424   -0.426209    0.759349 
C       3.197552   -1.057302    0.584667 
C       1.182947    1.335470   -1.363919 
N      -0.029626    0.626147   -0.950728 
H       2.985452   -2.041795    0.997223 
H       5.207092   -0.921588    1.325559 
H       5.555150    1.364498    0.333483 
H       3.677228    2.435259   -0.929677 
H       1.120674    2.409540   -1.142865 
H       1.337066    1.207889   -2.450585 
H      -3.522157    2.356157   -0.432080 
H      -5.540394    1.386661    0.555088 
H      -5.611994   -1.065704    1.080464 
H      -3.614867   -2.480948    0.644910 
H       0.029055   -3.601134    0.157194 
H       1.394522   -3.534834   -0.599255 
H      -0.652275    2.644566   -2.511156 
H      -2.368278    2.673232   -2.079621 
H      -1.152462    3.310399   -0.936873 
C       0.175956    1.842908    1.853028 
N       0.490997    2.857323    1.376472 
C      -0.208766    0.574348    2.426411 
H       0.618329   -0.141448    2.326598 
H      -0.440642    0.696275    3.493347 









13.5 Hydroxylation with Cu complex (4H) with PF6 
RC TS1 
 
N      -1.505254   -1.540552   -0.949142 
C      -2.655523   -1.181075   -1.552184 
C      -3.882060   -1.664036   -1.126418 
C      -3.917340   -2.533310   -0.035788 
C      -2.727205   -2.898475    0.584783 
C      -1.528879   -2.385578    0.101228 
C      -0.199870   -2.754190    0.703718 
N       0.834841   -1.831862    0.234094 
C       2.013704   -1.836521    0.760610 
C       2.945390   -0.755026    0.374433 
C       4.212520   -1.042391   -0.148980 
C       5.053126    0.000653   -0.532595 
C       4.654693    1.329100   -0.348502 
C       3.405381    1.613490    0.208408 
C       2.541865    0.573696    0.552979 
Cu      0.241433   -0.810625   -1.355299 
O       1.525257   -0.123753   -2.432714 
O       1.571272    1.326497   -2.296866 
H      -2.563130   -0.483508   -2.383107 
H      -4.793132   -1.351464   -1.634829 
H      -4.868499   -2.919833    0.332015 
H      -2.721152   -3.571366    1.442288 
H      -0.274200   -2.727399    1.801498 
H       0.052134   -3.785855    0.400985 
C       2.444167   -2.820270    1.800192 
H       4.524888   -2.078846   -0.286174 
H       6.026859   -0.221654   -0.971670 
H       5.322814    2.143010   -0.635529 
H       3.093125    2.648070    0.359882 
H       1.553767    0.785376    0.957345 
H       2.545188    1.450783   -2.151701 
 
O      -1.425512   -0.762353   -1.476118 
O       0.121930   -0.478186   -2.429309 
N       1.015982    1.946675   -0.746089 
C       2.120656    1.999759   -1.512489 
C       3.171188    2.847517   -1.201439 
C       3.073131    3.646677   -0.060599 
C       1.925283    3.585677    0.723676 
C       0.901273    2.722157    0.348517 
C      -0.387495    2.610446    1.109832 
N      -1.221143    1.537568    0.554845 
C      -2.442389    1.396960    0.966981 
C      -3.229099    0.255415    0.465560 
C      -4.527578    0.452428   -0.017863 
C      -5.254053   -0.626645   -0.518732 
C      -4.700839   -1.912301   -0.513308 
C      -3.420014   -2.119313   -0.007290 
C      -2.668890   -1.037654    0.470626 
Cu     -0.382059    0.634013   -0.972436 
H       2.135790    1.327105   -2.369279 
H       4.054788    2.872783   -1.837574 
H       3.889986    4.313800    0.216603 
H       1.818311    4.198684    1.618574 
H      -0.176606    2.396123    2.170707 
H      -0.910549    3.579381    1.057982 
C      -3.070402    2.334910    1.948517 
H      -4.961853    1.453247   -0.027617 
H      -6.257693   -0.464816   -0.914006 
H      -5.278571   -2.754702   -0.896694 
H      -2.987104   -3.120312    0.012150 
H      -1.692362   -1.199156    0.924286 
H       0.593511   -1.223875   -1.962580 
299 
 
H       2.105658   -3.839468    1.568952 
H       3.532944   -2.806641    1.925516 
H       1.997028   -2.525528    2.765829 
P      -1.442912    1.349856    1.442214 
F      -2.220330    2.753983    1.020922 
F      -2.080268    1.454125    2.970707 
F      -2.747144    0.474006    0.948487 
F      -0.653826   -0.041024    1.861173 
F      -0.126610    2.234032    1.934056 
F      -0.792450    1.268161   -0.089445 
H      -3.098380    3.358953    1.542865 
H      -4.085503    2.016903    2.207563 
H      -2.470795    2.363927    2.871922 
P       2.042954   -1.751378    0.658289 
F       3.296811   -2.764309    0.281715 
F       1.409150   -2.904078    1.658889 
F       2.914207   -1.117524    1.910154 
F       0.774791   -0.745882    1.027283 
F       1.158604   -2.392664   -0.614225 
F       2.651889   -0.610522   -0.367697 
INT1 TS2 
 
C      -4.195200   -0.408724   -1.203323 
C      -2.879636   -0.389699   -0.774737 
C      -2.532880    0.147892    0.587692 
C      -3.693753    0.671488    1.365005 
C      -4.970584    0.627781    0.883469 
C      -5.231614    0.090216   -0.398574 
C      -1.797019   -0.935448   -1.561539 
C      -1.957402   -1.193306   -3.028625 
O      -1.997280   -0.902301    1.417231 
Cu     -0.275996   -1.291713    0.907556 
O       0.130393   -1.516496    2.669866 
N       1.532953   -1.654378    0.368993 
C       1.715763   -1.712092   -0.963981 
C       2.991064   -1.826610   -1.502718 
C       4.081681   -1.879826   -0.641363 
C       3.872467   -1.814418    0.736329 
C       2.577126   -1.694178    1.213565 
C       0.474004   -1.669057   -1.788504 
N      -0.642782   -1.169300   -0.979257 
H       2.327524   -1.617841    2.270686 
H       4.703672   -1.844838    1.439734 
H       5.092112   -1.963764   -1.042608 
H       3.119051   -1.866332   -2.584010 
 
C       3.261796    0.924136   -1.360892 
C       2.031471    1.362751   -0.844049 
C       1.952254    1.698479    0.588903 
C       3.170528    1.550881    1.359699 
C       4.350234    1.113714    0.794126 
C       4.399664    0.818387   -0.574413 
C       0.827303    1.295622   -1.691705 
C       1.017206    1.221823   -3.175566 
O       0.918205    2.292500    1.161194 
Cu     -0.839848    1.546607    0.763751 
O      -1.439379    1.895638    2.512644 
N      -2.583319    0.778377    0.195709 
C      -2.673672    0.500960   -1.115731 
C      -3.805133   -0.109539   -1.649273 
C      -4.856156   -0.435882   -0.797498 
C      -4.750185   -0.144070    0.564057 
C      -3.593799    0.466541    1.027455 
C      -1.497184    0.885708   -1.968892 
N      -0.339923    1.212005   -1.131638 
H      -3.426696    0.724061    2.073005 
H      -5.551163   -0.390142    1.260609 
H      -5.750697   -0.919998   -1.191019 
H      -3.853227   -0.328576   -2.716226 
300 
 
H       0.630438   -1.021506   -2.663352 
H       0.250118   -2.687351   -2.152928 
H      -4.462164   -0.849482   -2.162526 
H      -6.257526    0.042107   -0.764957 
H      -5.799123    1.004610    1.485429 
H      -3.463789    1.053779    2.360293 
H      -1.789957    0.966765    0.472176 
H      -0.689437   -1.211576    3.126287 
H      -1.770334   -2.252084   -3.261810 
H      -2.949165   -0.916116   -3.393714 
H      -1.223795   -0.592300   -3.587763 
P       1.375425    2.157595   -0.173640 
F       0.054012    3.150204   -0.328412 
F       2.193540    3.070438   -1.292499 
F       1.957104    3.130129    1.039946 
F       2.682984    1.165431   -0.010613 
F       0.787849    1.199035   -1.383506 
F       0.549624    1.262174    0.959474 
H      -1.262184    0.052704   -2.648640 
H      -1.774937    1.761334   -2.581664 
H       3.325366    0.620978   -2.403920 
H       5.327445    0.462139   -1.022653 
H       5.239720    1.000779    1.415343 
H       3.090285    1.777473    2.424056 
H       1.823009    0.436096    0.612834 
H      -0.631272    2.192207    2.986875 
H       0.154900    1.638991   -3.707686 
H       1.908036    1.778208   -3.488020 
H       1.136132    0.169853   -3.484552 
P       0.719067   -2.262548    0.052346 
F       1.357929   -1.489146   -1.251741 
F       0.363798   -3.586441   -0.856128 
F       2.210341   -2.865550    0.414516 
F       0.105038   -2.975644    1.405346 
F      -0.746397   -1.597697   -0.266036 
F       1.095528   -0.889541    1.032735 
INT2 TS3 
 
C       2.306397   -2.636475    0.835562 
C       1.220487   -2.182336    0.112736 
C       1.485174   -1.443666   -1.107165 
C       2.901678   -1.339710   -1.596049 
C       3.969818   -1.844803   -0.712941 
C       3.669149   -2.453780    0.456292 
C      -0.140672   -2.450523    0.604549 
C      -0.342694   -3.617571    1.530393 
O       0.609962   -0.885609   -1.819315 
Cu     -1.096276   -0.207947   -1.045551 
O      -1.130190    1.221589   -2.255871 
N      -2.897200    0.180392   -0.312457 
C      -3.361656   -0.746831    0.543360 
C      -4.613985   -0.613108    1.137318 
C      -5.385446    0.504257    0.832061 
 
C      -2.876981    1.005323   -0.875509 
C      -2.323120   -0.250204   -1.050531 
C      -2.697897   -1.307370   -0.140729 
C      -3.386865   -0.936995    1.096727 
C      -3.944165    0.396126    1.202503 
C      -3.697741    1.330349    0.234989 
C      -1.176038   -0.429492   -1.967892 
C      -1.082774    0.399363   -3.208819 
O      -2.242744   -2.503658   -0.252842 
Cu     -0.330730   -1.947640    0.275785 
O      -0.925104   -1.736970    2.102842 
N       1.603168   -1.673966    0.238562 
C       2.085227   -1.310389   -0.970006 
C       3.420783   -0.960549   -1.126932 
C       4.260675   -0.985055   -0.017230 
301 
 
C      -4.886595    1.462941   -0.052998 
C      -3.631149    1.268168   -0.609576 
C      -2.465437   -1.926229    0.810010 
N      -1.130939   -1.686843    0.251048 
H      -3.158512    1.961824   -1.304656 
H      -5.461913    2.352429   -0.308008 
H      -6.368454    0.631771    1.286810 
H      -4.972168   -1.376016    1.829093 
H      -2.419241   -2.099831    1.895310 
H      -2.908444   -2.821551    0.338992 
H       2.129864   -3.154845    1.778585 
H       4.449977   -2.824383    1.120486 
H       5.003250   -1.712605   -1.038408 
H       2.952713   -1.866943   -2.570117 
H       3.081478   -0.279315   -1.849377 
H      -0.179797    1.441225   -2.375319 
H      -1.306425   -4.105218    1.337712 
H       0.441677   -4.370654    1.404312 
H      -0.339946   -3.277224    2.579081 
P       1.785118    1.802056    0.739972 
F       2.892403    0.574841    0.783539 
F       1.866417    1.934429    2.393929 
F       3.013775    2.909663    0.598011 
F       0.673557    3.028230    0.697056 
F       0.558810    0.698642    0.900268 
F       1.712657    1.674169   -0.908646 
C       3.745792   -1.349189    1.226785 
C       2.403758   -1.684432    1.318941 
C       1.100242   -1.301235   -2.120648 
N      -0.234914   -1.213201   -1.551323 
H       1.924982   -1.957626    2.258129 
H       4.370702   -1.363098    2.118848 
H       5.310160   -0.706914   -0.120153 
H       3.790435   -0.659348   -2.107038 
H       1.338130   -0.473221   -2.800835 
H       1.190705   -2.251885   -2.675182 
H      -2.617791    1.806973   -1.567553 
H      -4.090969    2.343471    0.321856 
H      -4.547436    0.645105    2.077590 
H      -3.972229   -1.748329    1.551438 
H      -2.346665   -1.068966    1.753136 
H      -1.231279   -2.610805    2.441023 
H      -0.500553   -0.110234   -3.985615 
H      -2.083563    0.616459   -3.601460 
H      -0.582918    1.351386   -2.968500 
P       0.722306    2.136859    0.350651 
F      -0.585122    2.907384   -0.319926 
F       1.683426    3.432599   -0.064174 
F       0.399670    2.864891    1.810195 
F       2.033887    1.380211    1.012219 
F       1.052602    1.437838   -1.111715 
F      -0.236721    0.866948    0.774997 
PC 
 
C      -3.860221   -0.162463   -1.046936 
C      -2.796743   -0.619949   -0.233970 
C      -2.486480    0.121887    0.957358 
C      -3.289783    1.243123    1.278140 
C      -4.324551    1.653869    0.460521 
C      -4.609983    0.955363   -0.724737 
C      -2.040021   -1.791942   -0.660171 
302 
 
C      -2.637376   -2.720458   -1.684608 
O      -1.515672   -0.177686    1.798240 
Cu      0.069542   -0.959639    1.144147 
O       1.104305    0.523062    2.179559 
N       1.646109   -2.010540    0.672609 
C       1.392777   -2.981713   -0.229682 
C       2.412642   -3.795653   -0.714294 
C       3.710837   -3.598020   -0.256388 
C       3.961279   -2.592134    0.678751 
C       2.902464   -1.816579    1.123379 
C      -0.036928   -3.145069   -0.674662 
N      -0.845031   -2.028507   -0.190912 
H       3.029088   -1.019460    1.853333 
H       4.964914   -2.407523    1.059689 
H       4.524510   -4.221594   -0.627949 
H       2.184246   -4.570761   -1.445835 
H      -0.058245   -3.205437   -1.773808 
H      -0.420774   -4.099245   -0.271968 
H      -4.083427   -0.682392   -1.977636 
H      -5.407642    1.290165   -1.388715 
H      -4.909647    2.535379    0.731093 
H      -3.037451    1.788282    2.188681 
H       0.332850    1.035771    2.530237 
H       1.440669    1.110961    1.444040 
H      -2.329742   -3.757134   -1.501560 
H      -3.731364   -2.688821   -1.666129 
H      -2.294787   -2.437680   -2.693740 
P       0.354400    2.308061   -0.905677 
F      -1.022829    2.632367   -1.742709 
F       1.224070    2.216230   -2.309912 
F       0.708085    3.920951   -0.802348 
F       1.776263    1.967543   -0.039265 
F       0.054947    0.686694   -0.995615 




13.6 Hydroxylation with Cu2O2 species 
(-2: 2-peroxo)dicopper(II) RC bis(-oxo)dicopper(III) 
 
Cu    -1.563054    0.475660    0.631677 
N      -2.272997    1.987469   -0.332168 
N      -3.405894   -0.128778    0.765590 
C       0.316529    1.709172   -1.695742 
C      -0.126095    2.799396   -0.932973 
C       0.806956    3.679295   -0.371406 
C       2.169996    3.450430   -0.555925 
C       2.607509    2.366929   -1.320722 
C       1.679381    1.494841   -1.892310 
C      -1.581432    2.996214   -0.765235 
C      -2.199459    4.290744   -1.169225 
C      -3.737607    2.026422   -0.313827 
C      -4.281512    0.705550    0.167662 
C      -3.825538   -1.290356    1.304870 
C      -5.153057   -1.679014    1.235431 
C      -6.062676   -0.843607    0.585008 
C      -5.625035    0.364868    0.050890 
H      -3.058315   -1.903293    1.773760 
H      -5.464747   -2.625116    1.675911 
H      -7.110499   -1.131970    0.497088 
H      -6.314845    1.043938   -0.449733 
H      -4.125564    2.254053   -1.318680 
H      -4.090513    2.816033    0.372165 
H       0.469248    4.525544    0.228279 
H       2.896332    4.121759   -0.096074 
H       3.675231    2.193755   -1.463078 
H       2.022127    0.654153   -2.496520 
H      -0.422964    1.056091   -2.153671 
H      -2.914035    4.647104   -0.412984 
H      -1.435100    5.053293   -1.353308 
H      -2.757582    4.141203   -2.109946 
 
Cu    -1.211588    0.526854    1.011013 
N      -1.946006    2.169685    0.322265 
N      -2.973930   -0.133465    0.795814 
C       0.290250    1.762491   -1.550907 
C       0.022364    2.931864   -0.822764 
C       1.016887    3.911551   -0.699453 
C       2.271078    3.701532   -1.268758 
C       2.535859    2.527781   -1.978429 
C       1.539509    1.559584   -2.125304 
C      -1.336850    3.138636   -0.292370 
C      -2.021086    4.433766   -0.587526 
C      -3.393811    2.226268    0.593338 
C      -3.908279    0.817920    0.573959 
C      -3.292037   -1.435854    0.853453 
C      -4.601548   -1.847923    0.665318 
C      -5.580550   -0.887914    0.413595 
C      -5.233530    0.461705    0.369444 
H      -2.459182   -2.114976    1.032114 
H      -4.841435   -2.909445    0.703666 
H      -6.615163   -1.188675    0.246749 
H      -5.977566    1.232714    0.174049 
H      -3.922217    2.834948   -0.150847 
H      -3.561069    2.662436    1.592582 
H       0.823944    4.821839   -0.130578 
H       3.050718    4.454402   -1.148258 
H       3.521611    2.365355   -2.416182 
H       1.739428    0.656539   -2.703644 
H      -0.508738    1.035513   -1.682544 
H      -2.635975    4.777973    0.253164 
H      -1.289924    5.204532   -0.855831 
H      -2.672158    4.293299   -1.467863 
304 
 
O      -0.282657   -0.688603    1.388388 
O       0.283317    0.691171    1.386098 
Cu      1.563470   -0.473809    0.630649 
N       2.273547   -1.986439   -0.331614 
N       3.406426    0.130370    0.765143 
C      -0.316125   -1.708754   -1.695222 
C       0.126435   -2.798402   -0.931567 
C      -0.806676   -3.677804   -0.369339 
C      -2.169702   -3.449002   -0.554038 
C      -2.607152   -2.366153   -1.319799 
C      -1.678977   -1.494492   -1.891941 
C       1.581794   -2.995352   -0.763891 
C       2.199479   -4.290190   -1.167341 
C       3.738144   -2.025321   -0.313670 
C       4.282210   -0.704791    0.168709 
C       3.826231    1.291734    1.304817 
C       5.154169    1.679249    1.237354 
C       6.064072    0.842946    0.588422 
C       5.626143   -0.365032    0.053496 
H       3.058801    1.905385    1.772430 
H       5.466008    2.625143    1.678184 
H       7.112316    1.130310    0.502242 
H       6.316029   -1.044596   -0.446328 
H       4.125751   -2.251858   -1.318952 
H       4.091328   -2.815619    0.371371 
H      -0.469012   -4.523663    0.230929 
H      -2.896067   -4.119900   -0.093607 
H      -3.674859   -2.193184   -1.462518 
H      -2.021673   -0.654206   -2.496743 
H       0.423377   -1.056236   -2.153944 
H       2.915319   -4.645764   -0.411932 
H       1.434988   -5.053059   -1.349560 
H       2.756038   -4.141303   -2.109097 
 
O      -0.465876   -1.069173    1.408993 
O       0.466032    1.068791    1.408925 
Cu      1.211684   -0.527235    1.010849 
N       1.945916   -2.170032    0.321855 
N       2.974049    0.132930    0.795529 
C      -0.290084   -1.761772   -1.551344 
C      -0.022449   -2.931471   -0.823631 
C      -1.017171   -3.911010   -0.700714 
C      -2.271325   -3.700498   -1.269914 
C      -2.535872   -2.526409   -1.979113 
C      -1.539308   -1.558383   -2.125649 
C       1.336680   -3.138673   -0.293187 
C       2.020734   -4.433838   -0.588618 
C       3.393676   -2.226856    0.593090 
C       3.908319   -0.818561    0.573775 
C       3.292276    1.435287    0.853193 
C       4.601841    1.847225    0.665158 
C       5.580772    0.887108    0.413560 
C       5.233628   -0.462480    0.369407 
H       2.459480    2.114490    1.031814 
H       4.841827    2.908725    0.703499 
H       6.615430    1.187764    0.246800 
H       5.977618   -1.233568    0.174150 
H       3.922085   -2.835596   -0.151041 
H       3.560758   -2.663056    1.592348 
H      -0.824425   -4.821563   -0.132197 
H      -3.051131   -4.453239   -1.149679 
H      -3.521604   -2.363593   -2.416766 
H      -1.739038   -0.655092   -2.703671 
H       0.509061   -1.034915   -1.682742 
H       2.635191   -4.778466    0.252224 
H       1.289477   -5.204340   -0.857435 






Cu     -1.192968    0.526274    0.702488 
N      -2.090183    2.000887   -0.140041 
N      -2.921396   -0.207204    0.966026 
C       0.574687    2.094397   -1.097867 
C      -0.114647    3.250422   -0.572515 
C       0.619825    4.393657   -0.234698 
C       1.987408    4.449294   -0.478114 
C       2.647742    3.372193   -1.108545 
C       1.958917    2.228596   -1.440749 
C      -1.555876    3.171995   -0.391444 
C      -2.400934    4.394398   -0.544995 
C      -3.553410    1.861982   -0.100397 
C      -3.919248    0.499197    0.393005 
C      -3.139033   -1.424722    1.493654 
C      -4.404729   -1.988439    1.471122 
C      -5.444510   -1.288102    0.860302 
C      -5.200818   -0.031134    0.314200 
H      -2.258627   -1.927319    1.891443 
H      -4.560862   -2.975838    1.903290 
H      -6.442743   -1.723126    0.803269 
H      -5.992436    0.541376   -0.168442 
H      -3.966343    2.031103   -1.107809 
H      -4.002730    2.606672    0.577933 
H       0.123330    5.243732    0.233641 
H       2.549191    5.341590   -0.201139 
H       3.709965    3.456024   -1.343740 
H       2.458710    1.393438   -1.932808 
H      -0.020072    1.396941   -1.687301 
H      -2.916237    4.626115    0.400679 
H      -1.808433    5.258212   -0.860110 
H      -3.173948    4.221377   -1.309187 
O      -0.311421   -0.908419    1.319166 
O       0.555750    1.098142    0.439740 
306 
 
Cu      1.358842   -0.611266    0.672103 
N       1.837461   -2.372631    0.030368 
N       3.236592   -0.253338    0.566756 
C      -0.297871   -1.457935   -1.804667 
C      -0.258100   -2.656526   -1.073977 
C      -1.445659   -3.350397   -0.817861 
C      -2.663848   -2.820672   -1.241511 
C      -2.704493   -1.614117   -1.942255 
C      -1.516819   -0.939108   -2.236007 
C       1.055036   -3.170550   -0.625345 
C       1.466196   -4.543935   -1.041122 
C       3.255404   -2.664951    0.255564 
C       3.995014   -1.356819    0.363379 
C       3.814323    0.943974    0.791723 
C       5.190438    1.094294    0.758297 
C       5.983549   -0.024827    0.501928 
C       5.380789   -1.266243    0.318013 
H       3.135125    1.767012    0.996703 
H       5.629802    2.075330    0.933815 
H       7.069044    0.066954    0.458116 
H       5.975359   -2.162880    0.144237 
H       3.678097   -3.271728   -0.557050 
H       3.372295   -3.216699    1.203982 
H      -1.423401   -4.281780   -0.251092 
H      -3.589359   -3.350156   -1.014720 
H      -3.661697   -1.203325   -2.266191 
H      -1.544620   -0.011495   -2.808482 
H       0.635976   -0.945323   -2.040324 
H       2.091414   -5.037800   -0.287385 
H       0.583447   -5.158432   -1.256150 







13.7 Hydroxylation with bis(-oxo)dicopper(III) with PF6- 
RC TS1 
 
Cu     -2.466794   -0.490329   -0.719395 
N      -3.412218   -1.778736    0.344269 
N      -3.903653    0.651202   -0.246449 
C      -0.864291   -1.605761    1.744844 
C      -1.468946   -2.787913    1.286135 
C      -0.701974   -3.953280    1.157790 
C       0.665125   -3.913918    1.429886 
C       1.265787   -2.727418    1.857085 
C       0.492326   -1.578675    2.037650 
C      -2.917052   -2.769029    1.020983 
C      -3.777942   -3.821346    1.637134 
C      -4.854848   -1.483864    0.313743 
C      -4.985408    0.011681    0.252606 
C      -3.870504    1.985130   -0.385843 
C      -4.953037    2.758337    0.002822 
C      -6.079436    2.123674    0.526418 
C      -6.100452    0.734659    0.650474 
H      -2.949733    2.389229   -0.805337 
H      -4.906537    3.841203   -0.102912 
H      -6.941497    2.710376    0.844452 
H      -6.966339    0.215084    1.058680 
H      -5.373104   -1.879754    1.195912 
H      -5.300208   -1.927884   -0.592630 
H      -1.159924   -4.876386    0.800917 
H       1.267695   -4.812952    1.291917 
H       2.338784   -2.689753    2.048422 
H       0.961830   -0.668996    2.406988 
H      -1.483026   -0.721028    1.892418 
H      -4.627328   -4.091069    0.997975 
H      -3.184466   -4.714582    1.865396 
H      -4.161194   -3.440157    2.599509 
 
Cu     -2.348361    0.431337    0.588328 
N      -3.246023    1.385481   -0.816777 
N      -3.834483   -0.748041    0.559500 
C      -0.533909    2.230280   -0.939278 
C      -1.652538    3.146110   -0.935611 
C      -1.429953    4.501832   -0.662667 
C      -0.138978    4.981675   -0.475844 
C       0.970231    4.118538   -0.608010 
C       0.789140    2.779734   -0.867990 
C      -2.986310    2.619657   -1.177672 
C      -4.012817    3.463754   -1.863118 
C      -4.544252    0.786443   -1.161975 
C      -4.726344   -0.500035   -0.422709 
C      -3.919166   -1.854226    1.319048 
C      -4.940094   -2.769979    1.122195 
C      -5.862039   -2.543327    0.100983 
C      -5.754576   -1.397489   -0.682101 
H      -3.124001   -1.980094    2.052460 
H      -4.991254   -3.659883    1.747871 
H      -6.660473   -3.260720   -0.089670 
H      -6.458886   -1.193061   -1.487923 
H      -4.589852    0.614522   -2.249912 
H      -5.375870    1.458493   -0.892648 
H      -2.273598    5.187004   -0.578878 
H       0.018040    6.036671   -0.249094 
H       1.979819    4.522784   -0.515620 
H       1.635601    2.102955   -0.978409 
H      -0.659396    1.305650   -1.503973 
H      -4.863346    3.657976   -1.190490 
H      -3.590739    4.414987   -2.201003 
H      -4.402171    2.936540   -2.747199 
308 
 
O      -1.532969    0.763095   -1.616317 
O      -1.118984   -1.525881   -1.337522 
Cu      0.023490   -0.157513   -1.628832 
N       1.254935    1.306464   -1.752228 
N       1.575059   -1.228067   -1.796889 
C      -0.131495    1.828291    0.822137 
C       0.115024    2.748061   -0.207742 
C      -0.607393    3.947878   -0.253212 
C      -1.589880    4.204912    0.701903 
C      -1.836763    3.282381    1.720982 
C      -1.099339    2.097019    1.782769 
C       1.183427    2.470331   -1.187787 
C       2.211734    3.529055   -1.432045 
C       2.422202    0.885796   -2.547675 
C       2.668142   -0.555738   -2.216883 
C       1.636197   -2.511264   -1.415724 
C       2.843117   -3.191753   -1.437493 
C       3.986302   -2.520312   -1.870128 
C       3.899376   -1.189573   -2.272128 
H       0.695879   -2.947047   -1.081737 
H       2.882747   -4.229585   -1.110068 
H       4.950280   -3.029836   -1.880902 
H       4.779726   -0.634277   -2.590795 
H       3.311914    1.483747   -2.324104 
H       2.177519    0.988782   -3.618328 
H      -0.426397    4.667027   -1.052973 
H      -2.168392    5.127897    0.646632 
H      -2.605515    3.486034    2.467605 
H      -1.272058    1.393773    2.597883 
H       0.473070    0.926117    0.875275 
H       2.454974    3.629572   -2.497773 
H       1.877832    4.492961   -1.033131 
H       3.124581    3.245235   -0.882286 
P       3.822647    0.668152    1.261292 
F       2.547996   -0.071587    0.527495 
O      -1.418199   -0.518784    1.787546 
O      -0.822594    1.492231    0.704456 
Cu      0.244821    0.172614    1.572384 
N       1.277225   -1.456502    1.553580 
N       1.908715    1.042501    1.948975 
C      -0.340011   -1.528713   -0.975879 
C      -0.200564   -2.529235   -0.001297 
C      -1.164195   -3.538953    0.094802 
C      -2.278557   -3.520928   -0.744294 
C      -2.426043   -2.514172   -1.699681 
C      -1.449109   -1.522227   -1.819584 
C       0.989712   -2.523868    0.880853 
C       1.870981   -3.731296    0.882044 
C       2.562915   -1.278063    2.233187 
C       2.922830    0.181685    2.194741 
C       2.116065    2.372612    1.983789 
C       3.378296    2.896927    2.209211 
C       4.443351    2.019486    2.415239 
C       4.209965    0.647232    2.424902 
H       1.239884    2.994112    1.820083 
H       3.520526    3.976812    2.220195 
H       5.450731    2.403809    2.576854 
H       5.017526   -0.062331    2.600433 
H       3.357728   -1.867596    1.760301 
H       2.462652   -1.592049    3.286738 
H      -1.063975   -4.319781    0.850030 
H      -3.040775   -4.293898   -0.644035 
H      -3.301747   -2.503118   -2.349944 
H      -1.553731   -0.741846   -2.574597 
H       0.437315   -0.773453   -1.073947 
H       2.280319   -3.946387    1.877070 
H       1.327036   -4.605098    0.504878 
H       2.705352   -3.539174    0.185884 
P       3.625143   -0.647336   -1.612977 
F       2.506119    0.050408   -0.613598 
309 
 
F       4.385046    1.187348   -0.212014 
F       2.932029    2.059395    1.400930 
F       5.104235    1.416122    2.006112 
F       4.712571   -0.717134    1.114704 
F       3.264043    0.162050    2.739833 
 
F       4.359299   -1.355061   -0.305665 
F       2.648535   -1.976372   -1.772546 
F       4.742642   -1.344831   -2.619967 
F       4.597408    0.679477   -1.442594 








Appendix 3  





1. Experimental Section 
 
Physical methods and materials reagents: All reagents and solvents were purchased at the highest level 
of purity and used as received except as noted. All substrate-containing ligands were synthesized as 
previously reported. Solvents were purified and dried by passing through an activated alumina purification 
system (INERT Pure Solv) or by conventional distillation techniques.  
 
Glovebox: The synthesis of copper complexes was carried out under anaerobic conditions in an Inert I-
LAB Glovebox system.  
 
NMR spectra were recorded in 7-inch, 5-mm o.d. NMR tubes on a JEOL 500 MHz spectrometer in the 
Department of Chemistry at Southern Methodist University. 
 
ESI-MS: low resolution mass spectrometry was performed on an Advion Expression CMS (ESI source) at 
Southern Methodist University  
 
Single Crystal X-ray Crystallography: All reflection intensities were measured at 110(2) K using a 
SuperNova diffractometer (equipped with Atlas detector) with Mo Kα radiation (λ = 0.71073 Å) for 
[(C1)Cu1(CH3CN)](PF6) under the program CrysAlisPro (Version CrysAlisPro 1.171.39.29c, Rigaku OD, 
2017). The same program was used to refine the cell dimensions and for data reduction. The structure was 
solved with the program SHELXS-2018/3 (Sheldrick, 2018) and was refined on F2 with SHELXL-2018/3 
(Sheldrick, 2018). Numerical absorption correction based on gaussian integration over a multifaceted 
crystal model was applied using CrysAlisPro. The temperature of the data collection was controlled using 
the system Cryojet (manufactured by Oxford Instruments).  The H atoms were placed at calculated positions 
(unless otherwise specified) using the instructions AFIX 13 or AFIX 43 with isotropic displacement 
parameters having values 1.2 Ueq of the attached C atoms.  The structure is mostly ordered. 
 
[(C1)Cu1(CH3CN)](PF6): The H atoms attached to C21 are disordered, and the six H atoms (3+3) were 
found from difference Fourier maps, and their coordinates were refined freely using the SADI instructions 
to keep the C-H and H…H distances consistent.   
 
[(C4H1)2CuI](PF6) was solved with the program SHELXS-2018/3 (Sheldrick, 2018) and was refined on F2 
with SHELXL-2018/3 (Sheldrick, 2018). Numerical absorption correction based on gaussian integration 
over a multifaceted crystal model was performed using CrysAlisPro. The temperature of the data collection 
was controlled using the system Cryojet (manufactured by Oxford Instruments).  The H atoms were placed 
at calculated positions using the instructions AFIX 13 or AFIX 43 with isotropic displacement parameters 
having values 1.2 Ueq of the attached C atoms. The structure is partly disordered.  The moiety C13 →C19 
and the PF6- counterion are found to be disordered over two orientations, and the occupancy factors of the 




[(C4H1)CuI(CH3CN)2](PF6) was solved with the program SHELXS-2018/3 (Sheldrick, 2018) and was 
refined on F2 with SHELXL-2018/3 (Sheldrick, 2018). Numerical absorption correction based on gaussian 
integration over a multifaceted crystal model was performed using CrysAlisPro. The temperature of the data 
collection was controlled using the system Cryojet (manufactured by Oxford Instruments).  The H atoms 
were placed at calculated positions using the instructions AFIX 13, AFIX 43 or AFIX 137 with isotropic 
displacement parameters having values 1.2 or 1.5 Ueq of the attached C atoms.  The structure is ordered. 
 
2. Synthesis of Ligands 
2.1 General Procedure for Ligand Synthesis:  
 
 
Figure A3.1: General procedure for ligand synthesis. 
 
 In an oven dried flask, 2-picolylamine (2.2 equiv.) was added to ketone (9.85 mmol) and p- 
toluenesulfonic acid monohydrate (cat. 20 mg) in toluene (50 mL). The reaction mixture was refluxed under 
argon with a Dean-Stark apparatus until imine formation was complete. The reaction was cooled to room 
temperature and diluted with diethyl ether (30 mL). The organic layer was washed with saturated ammonia 
chloride (20 mL x 2), saturated aqueous sodium bicarbonate (20 mL), brine (20 mL), and dried with sodium 
sulfate. The final product was isolated under vacuum. The purity of the synthesized ligands was analyzed 
by 1H-NMR by adding a known amount of internal standard (1,3,5-trimethoxybenzene or 1,2-
dichloroethane).35, 153  
 




 In an oven dried flask, 2-picolylamine (2.2 equiv.) was added to 2-methylbenzophenone (0.75 g, 
3.8 mmol) and p- toluenesulfonic acid monohydrate (cat. 20 mg) in toluene (50 mL). The reaction mixture 
was refluxed under argon with a Dean-Stark apparatus until imine formation was complete (6 days). The 
reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The organic layer was 
washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium bicarbonate (20 mL), 
brine (20 mL), and dried with magnesium sulfate. The final product was isolated as a brown solid ( 0.980 g 
Yield, 90% yield, 97% pure) 
 
 1H-NMR (500 MHz, CD3CN): δ 8.43 (d, 1H), 7.71 (td, 1H), 7.63 (m, 2H), 7.51-7.52 (d, 1H), 7.37-7.43 (m, 





13C-NMR (500 MHz, CD3CN): δ 170.12, 161.23, 149.94, 139.91, 137.52, 135.92, 131.26, 129.63, 129.34, 
128.10, 127.05, 122.94, 122.77, 60.10, 19.48. 
2.1.2 Compound L7 
 
 
 In an oven dried flask, 2-picolylamine (2.2 equiv.) was added to 2-flourobenzophenone (0.9 g, 4.9 
mmol) and p- toluenesulfonic acid monohydrate (cat. 20 mg) in toluene (50 mL). The reaction mixture was 
refluxed under argon with a Dean-Stark apparatus until imine formation was complete (7 days). The reaction 
was cooled to room temperature and diluted with diethyl ether (30 mL). The organic layer was washed with 
saturated ammonia chloride (20 mL x 2), saturated aqueous sodium bicarbonate (20 mL), brine (20 mL), 
and dried with magnesium sulfate. The final product was isolated as a brown solid (1.100 g Yield, 79% 
yield, 93% pure)  
 
1H-NMR (500 MHz, CD3CN): δ 8.45 (d, 1H), 7.71 (td, 1H), 7.66 (m, 2H), 7.53 (m, 2H), 7.43 (m, 1H), 7.39 
(m, 2H), 7.33-7.22 (m, 3H), 7.17 (m, 1H), 4.58 (s, 2H).  
 
13C-NMR (500 MHz, CD3CN): δ  164.70, 160.83, 149.97, 139.84, 137.52, 132.24, 131.50, 130.63, 129.37, 
128.66, 127.72, 125.78, 122.86, 117.00, 116.58, 60.55. 
 
2.1.3 Compound L8 
 
 
 In an oven dried flask, 2-picolylamine (2.2 equiv.) was added to 2-chlorobenzophenone (2.13 g, 
9.85 mmol) and p- toluenesulfonic acid monohydrate (cat. 20 mg) in toluene (50 mL). The reaction mixture 
was refluxed under argon with a Dean-Stark apparatus until imine formation was complete (5 days). The 
reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The organic layer was 
washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium bicarbonate (20 mL), 
brine (20 mL), and dried with magnesium sulfate. The final product was isolated as a brown solid (2.86 g 
Yield, 95% yield, 76% pure)  
 
1H-NMR (500 MHz, CDCl3): δ 8.50 (d, 1H), 7.69 (m, 4H), 7.50 (d, 1H), 7.37 (m, 5H), 7.15 (m, 2H), 4.72-
4.55 (s, 2H).  
 





2.1.4 Compound L9 
 
 In an oven dried flask, 2-picolylamine (2.2 equiv.) was added to 2-bromobenzophenone (0.913 g, 
3.8 mmol) and p- toluenesulfonic acid monohydrate (cat. 20 mg) in toluene (50 mL). The reaction mixture 
was refluxed under argon with a Dean-Stark apparatus until imine formation was complete (6 days). The 
reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The organic layer was 
washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium bicarbonate (20 mL), 
brine (20 mL), and dried with magnesium sulfate. The final product was isolated as a brown solid (1.02 g 
Yield, 70% yield, 77% pure). 
 
 1H-NMR (500 MHz, CDCl3): δ 8.49 (d, 1H), 7.73 (m, 4H), 7.45-7.35 (m, 4H), 7.35-7.27 (td, 1H), 7.23 (t, 1H), 
7.17-7.12 (m, 2H), 4.74-4.54 (q, 2H).  
 
13C-NMR (500 MHz, CD3CN): δ 167.99, 160.88, 149.93, 138.97, 138.67, 137.48, 133.81, 131.46, 130.25, 
129.39, 129.02, 128.71, 122.99, 122.84, 121.36, 60.05.  
 
 




 To a 25 mL round bottom flask, 2-(R1)-1-aminoethyl-phenol (250 mg, 1.8 mmol) was added to 2-
pyridine carboxyaldehyde suspended in 15 mL of DCM with 1 gram of Mol. Sieves (4Å). The reaction went 
for 24 hr to yield PL10b along with its kinetically favored heterocycle.154 The final compounds were isolated 
by filtration and vacuum as a pale yellow solid. (197 mg, 48% yield, 93% pure). 
 
Cycle: 1H-NMR (500 MHz, CD3CN): δ 8.67 (1H, s), 7.93 (1H, d), 7.51 (1H, m), 7.35 (1H, m), 7.10-7.09 (3H, 
m), 6.85 (1H, m), 5.79 (1H, d), 4.38 (1H, q), 1.51 (3H, d). 
 
PL10b: 1H-NMR (500 MHz, CD3CN): δ 9.75 (1H, s), 8.58 (1H, d), 8.46 (1H, s), 7.80 (3H, m), 7.45 (1H, m), 








 In an oven dried 50 mL flask, 2-picolylamine (2.2 equiv.) was added to butyrophenone (9.85 mmol, 
1.444 mL) and p- toluenesulfonic acid monohydrate (cat. 20 mg) in toluene (50 mL). The reaction mixture 
was refluxed under argon with a Dean-Stark apparatus until imine formation was complete (24 hr). The 
reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The organic layer was 
washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium bicarbonate (20 mL), 
brine (20 mL), and dried with magnesium sulfate. The final product was isolated under vacuum. The final 
orange liquid was confirmed by 1H-NMR. (2.248 g, 95% Y, 88% Pure)  
 
1H-NMR (500 MHz, CD3CN): δ 8.50 (d, 1H), 7.86 (m, 2H), 7.73 (td, 1H), 7.58 (d, 1H), 7.41-7.439 (m, 3H), 
7.24 (m, 1H), 4.8 (s, 2H), 2.84-2.81 (m, 2H), 1.59-1.50 (m, 2H), 0.98-0.92 (m, 3H).  
 
13C-NMR (500 MHz, CD3CN): δ  170.7, 163.0, 149.8, 137.46, 130.4, 129.1, 127.4, 122.8, 118.28, 57.9, 
31.44, 21.2, 14.3.  
 
3. Cyclization of PL1 with Copper and Base  
3.1 Cyclization of PL1 
 
Figure A3.2: General procedure for cyclization reactions. 
 
 In the glovebox 0.159 mmol or 51 mg of the product-ligand (PL1) was added to a 20-mL vial 
equipped with a stir bar and 4 mL of acetone. In another vial, 0.159 mmol of a Cu(II) triflate was measured 
and added to the large vial containing the ligand. The vial was then removed from the glovebox and 5 equiv. 
of NEt3 was added to the reaction flask and allowed to react for 30 mins. After 30 min, the reaction was 
quenched using Na4EDTA (50 mL, pH = 11) and EtOAc (50 mL x 3). The organic phases were separated, 
combined, dried over MgSO4, filtered, and dried under vacuum. Once dry, the product was filtered through 
2 basic aluminum plugs with 1.5 mL of EtOAc. After drying under vacuum, the remaining yellow product 
was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene (internal 
standard). The reaction products were quantified by 1H-NMR using integration signals that correspond to 
the products with the integration signal of the internal standard.  
 
1H-NMR (500 MHz, CD3CN): δ 8.60 (d, 1H), 7.79 (td, 1H), 7.62 (m, 3H), 7.51 (m, 4H), 7.46 (m, 1H), 7.34 




3.2 Optimization of Cyclization of PL1 
 
3.2.1 Experimental procedure for in situ copper-mediated cyclization – copper source: 
 In the glovebox 0.159 mmol or 51 mg of the product-ligand (PL1) was added to a 20-mL vial 
equipped with a stir bar and 4 mL of acetone. In another vial, 0.159 mmol of a Cu(II) source was measured 
and added to the large vial containing the ligand. The vial was then removed from the glovebox and 5 equiv. 
of NEt3 was added to the reaction flask and allowed to react for 30 mins. After 30 min, the reaction was 
quenched using Na4EDTA (50 mL, pH = 11) and EtOAc (50 mL x 3). The organic phases were separated, 
combined, dried over MgSO4, filtered, and dried under vacuum. Once dry, the product was filtered through 
2 basic aluminum plugs with 1.5 mL of EtOAc. After drying under vacuum, the remaining yellow product 
was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene (internal 
standard). The reaction products were quantified by 1H-NMR using integration signals that correspond to 
the products with the integration signal of the internal standard. 
 
3.2.2 Experimental procedure for in situ copper-mediated cyclization – base source: 
 In the glovebox 0.159 mmol or 51 mg of the product-ligand (PL1) was added to a 20-mL vial 
equipped with a stir bar and 4 mL of acetone which was then removed from the glovebox. In another vial, 
0.159 mmol of CuII(NO3)2·3H2O was measured and added to the large vial containing the ligand. 
Immediately after, 5 equiv. of base was added to the reaction flask and allowed to react for 30 mins. After 
30 min, the reaction was quenched using Na4EDTA (50 mL, pH = 11) and EtOAc (50 mL x 3). The organic 
phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. Once dry, the 
product was filtered through 2 basic aluminum plugs with 1.5 mL of EtOAc. After drying under vacuum, the 
remaining yellow product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-
trimethoxybenzene (internal standard). The reaction products were quantified by 1H-NMR using integration 
signals that correspond to the products with the integration signal of the internal standard. 
 
 
3.2.3 Experimental procedure for in situ copper-mediated cyclization – solvent effect: 
 In the glovebox 0.159 mmol or 51 mg of the product-ligand (PL1) was added to a 20-mL vial 
equipped with a stir bar and 4 mL of solvent which was then removed from the glovebox. In another vial, 
0.159 mmol of CuII(NO3)2·3H2O was measured and added to the large vial containing the ligand. 
Immediately after, 5 equiv. of NEt3 was added to the reaction flask and allowed to react for 30 mins. After 
30 min, the reaction was quenched using Na4EDTA (50 mL, pH = 11) and EtOAc (50 mL x 3). The organic 
phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. Once dry, the 
product was filtered through 2 basic aluminum plugs with 1.5 mL of EtOAc. After drying under vacuum, the 
remaining yellow product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-
trimethoxybenzene (internal standard). The reaction products were quantified by 1H-NMR using integration 
signals that correspond to the products with the integration signal of the internal standard. 
 
3.2.4 Experimental procedure using varied metal sources: 
 In the glovebox 0.159 mmol of the product-ligand (PL1) was added to a 20-mL vial equipped with 
a stir bar and 4 mL of acetone. In another vial, 0.159 mmol of a metal source was measured and added to 
the large vial containing the ligand. The vial was then removed from the glovebox and 5 equiv. of NEt3 was 
added to the reaction flask and allowed to react for 30 mins. After 30 min, the reaction was quenched using 
Na4EDTA (50 mL, pH = 11) and EtOAc (50 mL x 3). The organic phases were separated, combined, dried 
over MgSO4, filtered, and dried under vacuum. Once dry, the product was filtered through 2 basic aluminum 
plugs with 1.5 mL of EtOAc. After drying under vacuum, the remaining yellow product was dissolved in 1.4 
mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene (internal standard). The reaction 
products were quantified by 1H-NMR using integration signals that correspond to the products with the 





Table A3.1: Summary and mass balance of the optimization reactions for cyclization. 
 
Entry Metal Source Base/Oxidant Solvent P% PL% C% %Y MB 
1 CuII(CF3SO3)2 NEt3 (1 equiv.) Acetone 0 2 42 42 44 
2 CuII(CF3SO3)2 NEt3 (2.5 equiv.) Acetone 0 0 61 0 61 
3 CuII(CF3SO3)2 NEt3  Acetone 0 0 58 58 58 
4 CuII(CF3SO3)2 NEt3 (10 equiv.) Acetone 0 0 56 56 56 
5 CuII(CF3SO3)2 TMG Acetone 1 1 29 29 31 
6 CuII(CF3SO3)2 DBU Acetone 0 0 0 0 0 
7 CuII(CF3SO3)2 TBD Acetone 0 0 2 2 0 
8 CuII(CF3SO3)2 Pyridine Acetone 0 46 11 11 57 
9 CuII(CF3SO3)2 NEt3  THF 0 0 59 59 59 
10 CuII(CF3SO3)2  NEt3 CH2Cl2 0 0 55 55 0 
11 CuII(CF3SO3)2 NEt3 CH3CN 0 0 41 41 0 
12 CuII(CH3CO2)2 NEt3 Acetone 0 15 13 13 28 
13 CuIICl2 NEt3 Acetone 0 0 44 44 44 
14 CuII(ClO4)2 *6H2O NEt3 Acetone 0 0 44 44 44 
15 CuII(NO3)2 *3H2O NEt3 Acetone 0 0 67 67 67 
16 CuII(NO3)2 *3H2O NEt3 THF 0 1 47 47 47 
17 CuI(CH3CN)4PF6 NEt3 Acetone 0 0 2 2 2 
18 FeII(CH3CO2)2 NEt3 Acetone 0 3 7 7 10 
19 FeII(CF3SO3)2 NEt3 Acetone 0 8 12 12 20 
20 MnII(CH3CO2)2 NEt3 Acetone 0 0 5 5 5 
21 NiII(CH3CO2)2 NEt3 Acetone 0 48 0 0 48 
22 ZnII(CH3CO2)2 NEt3 Acetone 0 93 0 0 93 
23 PdII(CH3CO2)2 NEt3 Acetone 0 28 0 0 28 
 
4. Hydroxylation with Subsequent Cyclization of L1-L20 with CuII(NO3)2·3H2O, NMe4OH • 5H2O, 
H2O2 and NEt3  
 
4.1 Standard procedure for in situ hydroxylation of copper-mediated oxidations using H2O2:  
 
 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols of LX 
equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 mL of acetone and 
the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred out of the glovebox. 
Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. The 1 mL of acetone 
was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, immediately followed by the 
NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react for 30 min. After 30 min, the 
reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 3). The organic phases were 
separated, combined, dried over MgSO4, filtered, and dried under vacuum. Once dry, the product was 
dissolved in 1.4 mL of CD3CN solution containing 15.6 μL of 1,2-dichloroethane or 27.1 mg of 1,3,5-
trimethoxybenzene (internal standard). The reaction products were quantified by 1H-NMR using integration 
signals that correspond to the starting material and products with the integration signal of the internal 





4.2 Standard Procedure for in situ Cyclization of Copper-Mediated Oxidations Using H2O2 and NEt3: 
 
 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols of LX 
equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 mL of acetone and 
the other containing 0.159 mmols of Me4NOH • 5H2O. The three vials were transferred out of the glovebox. 
Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. The 1 mL of acetone 
was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, immediately followed by the 
addition of NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react and after 30 min, 
5 equiv. NEt3 (112 μL) was added and allowed to react for another 30 min. Once complete, the reaction 
was quenched using Na4EDTA (50 mL, pH = 11) and EtOAc (50 mL x 3). The organic phases were 
separated, combined, dried over MgSO4, filtered, and dried under vacuum. The dried product was then 
filtered through a small pipette column composed of a cotton base and a stationary phase of 2 inches of 
basic alumina powder. Up to 5 mL of EtOAc was used to rinse the column and the product was re-collected 
in a 20-mL vial. This was repeated with a new pipette-column and the filtered product was dried again under 
vacuum. Once dry, the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-
trimethoxybenzene (internal standard). The reaction products were quantified by 1H-NMR using integration 
signals that correspond to the starting material and products with the integration signal of the internal 
standard.  
 
4.2.1 Oxidation of L2 to C2 




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 70 mg of 
L2 (75% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 mL 
of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred out 
of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. The 
1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, immediately 
followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react for 30 min. 
After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 3). The 
organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. Once dry, 
the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene 









 The reaction was carried out on 0.159 mmol scale using 70 mg of the imine (75% pure) according 
to the Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (55% yield, C2). The identity of the products was confirmed by 1H-NMR. 
 
1H-NMR (Joel 500 MHz, CDCl3): δ 8.62 (d, 1H), 7.71 (m, 4H), 7.53 (d, 2H), 7.19 (m, 2H), 6.88 (dd, 5H), 
6.54 (d, 1H), 6.46 (dd, 1H), 6.27 (d, 1H), 3.79 (t, 9H).  
 
13C-NMR (Joel 500 MHz, CD3CN): δ 163.00, 161.13, 158.52, 157.96, 149.09, 136.72, 132.02, 130.78, 
129.94, 129.57, 129.23, 123.86, 121.93, 117.40, 113.57, 112.09, 107.89, 101.22, 90.26. 
 
4.2.2 Cyclization of L3 to C3: 




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 51 mg of 
L3 (93% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 mL 
of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred out 
of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. The 
1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, immediately 
followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react for 30 min. 
After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 3). The 
organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. Once dry, 
the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene 





4.2.2.2 Cyclization of L2 to C2 
 
 
 The reaction was carried out on 0.159 mmol scale using 103 mg of the imine (93% pure) according 
to the Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 
1,3,5trimethoxybenzene (55% yield, C2). The identity of the products was confirmed by 1H-NMR. 
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.58 (d, 1H), 7.76 (t, 1H), 7.60 (m, 3H), 7.48 (d, 2H), 7.31-7.26 (m, 5H), 
7.18 (d, 1H), 6.81 (m, 2H), 6.29 (s, 1H),2.37 (s, 3H), 2.30 (s, 3H).   
 
13C-NMR (Joel 500 MHz, CD3CN): δ 161.76, 149.18, 145.11, 143.28, 140.45, 137.02, 129.89, 128.95, 




4.2.3 Cyclization of L4 to C4: 




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 82 mg of 
L4 (60% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 mL 
of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred out 
of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. The 
1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, immediately 
followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react for 30 min. 
After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 3). The 
organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. Once dry, 
the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene 








The reaction was carried out on 0.159 mmol scale using 82 mg of the imine according to the 
Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (55% yield, C4). The identity of the products was confirmed by 1H-NMR and ESI-MS.  
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.59 (d, 1H), 7.78 (m, 6H), 7.70 (m, 1H), 7.63 (m, 3H), 7.35-7.28 (m, 
4H), 7.22 (m, 8H), 7.08 (t, 1H), 7.00 (m, 3H), 6.76 (m, 2H), 6.43 (s, 1H).  
 
13C-NMR (Joel 500 MHz, CD3CN): δ 161.75, 148.0, 137.2, 133.9, 132.1, 131.5, 128.3, 123.9, 121.9, 115.9,  
 
4.2.4 Cyclization of L5 to C5:  




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 89 mg of 
L5 (61% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 mL 
of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred out 
of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. The 
1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, immediately 
followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react for 30 min. 
After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 3). The 
organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. Once dry, 
the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene 




4.2.4.2 Cyclization of L5 to C5 
 
 
The reaction was carried out on 0.159 mmol scale using 90 mg of the imine (61% pure) according to the 
Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (5% yield, C5). The identity of the products was confirmed by 1H-NMR and ESI-MS.  
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.59 (d, 1H), 7.78 (m, 6H), 7.70 (m, 1H), 7.63 (m, 3H), 7.35-7.28 (m, 
4H), 7.22 (m, 8H), 7.08 (t, 1H), 7.00 (m, 3H), 6.76 (m, 2H), 6.43 (s, 1H).  
 
13C-NMR (Joel 500 MHz, CD3CN): δ 161.75, 132.65, 124.00, 121.90, 117.40, 115.56, 92.75, 55.02 
 
4.2.5 Cylization of L6 to C6:  




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 47 mg of 
L6 equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 mL of acetone 
and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred out of the 
glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. The 1 mL 
of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, immediately 
followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react for 30 min. 
After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 3). The 
organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. Once dry, 
the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene 
(internal standard). The identity of the product was confirmed by 1H NMR (42%Y of PL6).  
 
1H-NMR (500 MHz, CD3CN): δ 8.47 (d, 1H), 7.71 (td, 1H), 7.41-7.25 (m, 6H), 7.19 (m, 1H), 6.9 (d, 1H), 6.72 
(d, 1H), 6.64 (t, 1H), 4.51 (s, 2H), 2.07 (s, 3H).  
 
13C-NMR (500 MHz, CD3CN): δ 176.42, 163.54, 159.36, 150.28, 137.79, 135.84, 134.69, 133.54, 131.77, 





4.2.5.2 Cyclization of L6to C6: 
 
 The reaction was carried out on 0.159 mmol scale using 47 mg of the imine (97% pure) according 
to the Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (25% yield, C6). The identity of the products was confirmed by 1H-NMR.  
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.59 (d, 1H), 7.81 (td, 1H), 7.62 (d, 1H), 7.41-7.22 (m, 8H), 6.94-6.89 
(q, 2H), 6.84 (dd, 1H), 6.59 (s, 1H), 2.17 (s, 3H).  
 
13C-NMR (Joel 500 MHz, CD3CN): δ 166.40, 159.02, 156.04, 150.22, 138.00, 135.12, 130.70, 129.99, 
129.59, 128.45, 126.67, 118.28, 90.96, 19.71. 
 
4.2.6 Cylization of L7 to C7:  
4.2.6.1 Hydroxylation of L7 to PL7: 
 
 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 58 mg of 
L7 equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 mL of acetone 
and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred out of the 
glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. The 1 mL 
of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, immediately 
followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react for 30 min. 
After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 3). The 
organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. Once dry, 
the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene 
(internal standard). The identity of the product was confirmed by 1H NMR (38%Y of PL7).  
 
1H-NMR (500 MHz, CD3CN): δ 8.49 (d, 1H), 7.71 (td, 1H), 7.58-7.47 (m, 2H), 7.40-7.26 (m, 4H), 7.22 (m, 
1H), 6.91 (d, 1H), 6.84 (d, 1H), 6.72 (t, 1H), 4.61 (d, 2H).  
 
13C-NMR (500 MHz, CD3CN): δ 170.79, 163.03, 159.06, 150.26, 137.90, 133.77, 132.90, 131.74, 130.45, 





4.2.6.2 Cyclization of L7 to C7: 
 
 
 The reaction was carried out on 0.159 mmol scale using 54 mg of the imine (85% pure) according 
to the Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (25% yield, C7). The identity of the products was confirmed by 1H-NMR.  
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.59 (d, 1H), 7.79 (m, 2H), 7.62 (d, 1H), 7.52 (m, 3H), 7.44 (m, 1H), 
7.38 (m, 3H), 7.28-7.22 (m, 1H), 7.05 (dd, 1H), 6.95 (m, 1H), 6.55 (s, 1H).  
 
13C-NMR (Joel 500 MHz, CD3CN): δ 162.24, 159.80, 158.64, 155.84, 149.44, 135.33, 130.45, 129.60, 
129.41, 128.30, 125.68, 124.89, 122.87, 122.64, 118.28, 117.20, 109.24. 
 
4.2.7 Cylization of L8 to C8:  
4.2.7.1 Hydroxylation of L8 to PL8: 
 
 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 64 mg of 
L8 equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 mL of acetone 
and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred out of the 
glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. The 1 mL 
of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, immediately 
followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react for 30 min. 
After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 3). The 
organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. Once dry, 
the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene 
(internal standard). The identity of the product was confirmed by 1H NMR (37%Y of PL).  
 
1H-NMR (500 MHz, CD3CN): δ 8.48 (d, 1H), 7.75-7.68 (m, 2H), 7.62 (d, 1H), 7.57 (m, 1H), 7.46-7.32 (m, 
4H), 7.22 (m, 2H), 6.92 (d, 1H), 6.74 (dd, 1H), 6.69 (t, 1H), 4.60-4.48 (q, 2H).  
 
13C-NMR (500 MHz, CD3CN): δ 173.21, 163.10, 158.74, 149.78, 138.49, 133.84, 132.15, 131.69, 130.78, 




4.2.7.2 Cyclization of L8 to C8: 
 
The reaction was carried out on 0.159 mmol scale using 38.8 mg of the imine (76% Pure) according to the 
Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (0% yield, C8). The identity of the products was confirmed by 1H-NMR.  
  
4.2.8 Cylization of L9 to C9:  
4.2.8.1 Hydroxylation of L9 to PL9: 
 
 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 72 mg of 
L9 equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 mL of acetone 
and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred out of the 
glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. The 1 mL 
of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, immediately 
followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react for 30 min. 
After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 3). The 
organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. Once dry, 
the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene 
(internal standard). The identity of the product was confirmed by 1H NMR (44%Y of PL9).  
 
1H-NMR (500 MHz, CD3CN): δ 8.47 (d, 1H), 7.74 (d, 1H), 7.65 (m, 1H), 7.50-7.43 (m, 1H), 7.38 (m, 1H), 




4.2.8.2 Cyclization of L9 to C9: 
 
 
The reaction was carried out on 0.159 mmol scale using 38.8 mg of the imine (76% Pure) according to the 
Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (0% yield, C9). The identity of the products was confirmed by 1H-NMR.  
 
4.2.9 Cyclization fo L10 to C10:  




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 39 mg of 
L10 (86% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 
mL of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred 
out of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. 
The 1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, 
immediately followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react 
for 30 min. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 
3). The organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. 
Once dry, the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-










The reaction was carried out on 0.159 mmol scale using 38.8 mg of the imine (86% Pure) according to the 
Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (24% yield, C10). The identity of the products was confirmed by 1H-NMR.  
 
1H-NMR (Joel 500 MHz, CDCl3): δ 8.62 (d, 1H), 7.90 (m, 1H), 7.69 (td, 1H), 7.58 (d, 1H), 7.30 (td, 1H), 7.22 
(m, 1H), 6.94 (td, 1H), 6.88 (d, 1H), 6.26 (s, 1H), 2.53 (s, 3H).  
 
4.2.10 Cyclization fo L11 to C11:  




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 48 mg of 
L11 (80% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 
mL of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred 
out of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. 
The 1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, 
immediately followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react 
for 30 min. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 
3). The organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. 
Once dry, the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-










The reaction was carried out on 0.159 mmol scale using 47.8 mg of the imine (80% Pure) according to the 
Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (29% yield, C11). The identity of the products was confirmed by 1H-NMR. 
 
1H-NMR (Joel 500 MHz, CDCl3): δ 8.62 (d, 1H), 7.86 (d, 1H), 7.68 (td, 1H), 7.28 (d, 1H), 7.21 (m, 1H), 6.85 
(d, 1H), 6.46 (dd, 1H), 6.25 (d, 1H), 3.78 (s, 3H), 2.47 (s, 3H). 
 
4.2.12 Cyclization of L12 to C12:  




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 43 mg of 
L12 (91% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 
mL of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred 
out of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. 
The 1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, 
immediately followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react 
for 30 min. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 
3). The organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. 
Once dry, the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-











The reaction was carried out on 0.159 mmol scale using 43 mg of the imine (91% Pure) according to the 
Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (15% yield, C12). The identity of the products was confirmed by 1H-NMR.  
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.55 (d, 1H), 7.79 (m, 1H), 7.53 (dd, 1H), 7.47 (m, 1H), 7.33 (m, 1H), 
7.00 (dd, 1H), 6.88, (d, 1H), 6.41(s, 1H), 2.32 (s, 3H).  
 
4.2.13 Cyclization of L13 to C13:  




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 82 mg of 
L13 (60% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 
mL of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred 
out of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. 
The 1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, 
immediately followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react 
for 30 min. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 
3). The organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. 
Once dry, the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-





4.2.13.2 Cyclization of L13 to C13 
 
 
The reaction was carried out on 0.159 mmol scale using 38.6 mg of the imine (94% Pure) according to the 
Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (23% yield, C13). The identity of the products was confirmed by 1H-NMR.  
 
1H-NMR (Joel 500 MHz, CDCl3): δ 8.62 (d, 1H), 7.69 (td, 1H), 7.56 (d, 1H), 7.35 (m, 1H), 7.23 (m, 1H), 6.64 
(td, 1H), 6.59 (dd, 1H), 6.32 (s, 1H), 2.34 (s, 3H). 
 
4.2.14 Cyclization of L14 to C14 




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 51 mg of 
L14 (80% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 
mL of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred 
out of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. 
The 1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, 
immediately followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react 
for 30 min. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 
3). The organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. 
Once dry, the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-






4.2.14.2 Cyclization of L14 to C14 
 
 
 The reaction was carried out on 0.159 mmol scale using 51 mg of the imine (80% Pure) according 
to the Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (25% yield, C14). The identity of the products was confirmed by 1H-NMR.  
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.59 (d, 1H), 8.10 (d, 1H), 7.89 (m, 1H), 7.67 (d, 1H), 7.55 (m, 1H), 
7.49 (m, 1H), 7.41-7.34 (m, 2H) , 7.26 (m, 1H), 6.49 (s, 1H), 2.41 (s, 3H).  
 
13C-NMR (500 MHz, CD3CN): δ 163.23, 158.48, 155.99, 149.29, 137.01, 128.60, 127.88, 125.42, 122.87, 




4.2.15 Cyclization of L15 to C15: 
4.2.15.1 Hydroxylation of L15 to PL15 
 
 
 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 41 mg of 
L15 (99% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 
mL of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred 
out of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. 
The 1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, 
immediately followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react 
for 30 min. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 
3). The organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. 
Once dry, the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-










The reaction was carried out on 0.159 mmol scale using 41 mg of the imine according to the Standard 
Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-trimethoxybenzene 
(23% yield, C15). The identity of the products was confirmed by 1H-NMR.  
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.59 (d, 1H), 8.09 (d, 1H), 7.82 (m, 2H), 7.67 (d, 1H), 7.58-7.46 (m, 
5H), 7.32 (m, 1H), 6.49 (s, 1H), 2.42 (s, 3H).  
 
4.2.16 Cyclization of L16 to C16 




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 43 mg of 
L16 (71% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 
mL of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred 
out of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. 
The 1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, 
immediately followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react 
for 30 min. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 
3). The organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. 
Once dry, the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-






4.2.16.2 Cyclization of L16 to C16 
 
 
The reaction was carried out on 0.159 mmol scale using 43 mg of the imine according to the Standard 
Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-trimethoxybenzene. 
The identity of the products was confirmed by 1H-NMR. (0% yield, C16). 
 
4.2.17 Cyclization of L17 to C17 




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 43 mg of 
L16 (78% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 
mL of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred 
out of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. 
The 1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, 
immediately followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react 
for 30 min. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 
3). The organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. 
Once dry, the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-









The reaction was carried out on 0.159 mmol scale using 43 mg of the imine according to the Standard 
Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-trimethoxybenzene. 
The identity of the products was confirmed by 1H-NMR. (0% yield, C17). 
 
4.2.18 Cyclization of L18 to C18 




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 40 mg of 
L18 (89% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 
mL of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred 
out of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. 
The 1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, 
immediately followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react 
for 30 min. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 
3). The organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. 
Once dry, the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-










The reaction was carried out on 0.159 mmol scale using 40 mg of the imine according to the Standard 
Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-trimethoxybenzene. 
The identity of the products was confirmed by 1H-NMR. (0% yield, C18). 
 
4.2.19 Cylization of L19 to C19:  
4.2.19.1 Hydroxylation of L19 to PL19: 
 
 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 56 mg of 
L19 (68% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 
mL of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred 
out of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. 
The 1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, 
immediately followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react 
for 30 min. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 
3). The organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. 
Once dry, the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-
trimethoxybenzene (internal standard). The identity of the product was confirmed by 1H NMR (29%Y of PL).  
 
1H-NMR (500 MHz, CD3CN): δ 8.50 (d, 1H), 7.74 (td, 1H), 7.62 (dd, 1H), 7.47 (m, 1H), 7.38 (d, 1H), 7.25 




4.2.19.2 Cyclization of L19 to C19:  
 
 
The reaction was carried out on 0.159 mmol scale using 41 mg of the imine according to the Standard 
Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-trimethoxybenzene 
(14% yield, C19). The identity of the products was confirmed by 1H-NMR.  
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.55 (d, 1H), 7.91 (d, 1H), 7.77 (m, 1H), 7.54 (m, 2H), 7.52 (dd, 1H), 
7.44 (td, 2H), 7.36-7.29 (m, 2H), 6.99 (t, 1H), 6.84 (1H, d), 6.29 (1H, s), 2.93 (2H, t), 1.67 (2H, m), 0.92 (3H, 
m). 
 
4.2.20 Cyclization of L20 to C20 




 In the glovebox, 3 mL of acetone were added to a 20-mL vial containing 0.159 mmols or 56 mg of 
L20 (71% pure) equipped with a stir bar. Two separate 2-mL vials were also prepared, one containing 1 
mL of acetone and the other containing 0.159 mmols of NMe4OH • 5H2O. The three vials were transferred 
out of the glovebox. Outside the glovebox, 0.159 mmol of CuII(NO3)2·3H2O was measured into a 2-mL vial. 
The 1 mL of acetone was then used to dissolve the CuII(NO3)2·3H2O for addition to the 20-mL vial, 
immediately followed by the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react 
for 30 min. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4) and EtOAc (50 mL x 
3). The organic phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. 
Once dry, the product was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-










The reaction was carried out on 0.159 mmol scale using 56.2 mg of the imine (71% Pure) according to the 
Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (21% yield, C15). The identity of the products was confirmed by 1H-NMR.  
 
1H-NMR (Joel 500 MHz, CD3CN): δ 8.55 (d, 1H), 7.89 (m, 1H), 7.54 (m, 1H), 7.38-7.18 (m, 4H), 7.75 (m, 
1H), 6.59 (m, 1H), 6.36 (d, 1H), 2.86-2.76 (m, 2H), 2.54 (m, 1H, 2.07 (m, 2H), 1.13 (d, 3H). 
 
4.3 Summary and Mass Balance of CuII-Directed Hydroxylation and Cyclization 
 
Table A3.1. Summary and Mass Balance of CuII-directed sp2 C-H bond hydroxylation. 
 
Ligand-Substrate SMX (%) LX (%) PX (%) PLX (%) Yield (%) MB (%) 
L1 (H) 18 0 0 80 80 98 
L2 0 0 0 57 57 57 
L3 0 0 0 65 65 65 
L4  0 0 0 47 47 47 
L5  0 0 0 43 43 43 
L6  40 0 0 42 42 82 
L7 28 0 0 38 38 66 
L8 36 0 0 37 37 72 
L9 56 0 0 44 44 100 
L10  0 0 0 24 24 24 
L11  0 0 12 38 38 50 
L12 39 4 9 35 35 87 
L13 11 2 12 23 23 48 
L14  0 0 0 31 31 31 
L15 0 0 0 25 25 25 
L16 0 0 0 0 0 0 
L17 7 4 20 7 0 38 
L18  0 0 0 0 0 0 
L19 0 0 0 29 29 29 





Table A3.2. Summary and Mass Balance of Cyclization. 
Ligand-Substrate SMX (%) LX (%) PX (%) PLX (%) CX (%) Yield (%) MB (%) 
L1 19 0 0 0 37 37 56 
L2 40 0 0 0 40 40 80 
L3 29 0 0 0 32 32 61 
L4 0 0 0 0 26 26 26 
L5 31 0 0 0 16 16 47 
L6 31 0 0 0 25 25 56 
L7 20 0 0 0 25 25 45 
L8 0 0 0 0 0 0 0 
L9 0 0 0 0 0 0 0 
L10 0 0 3 0 24 24 27 
L11 0 0 0 1 29 29 30 
L12 19 0 3 3 15 15 40 
L13 0 0 0 0 13 13 13 
L14 31 0 0 0 25 25 56 
L15  0 0 0 0 0 25 25 
L16  0 0 0 0 0 0 0 
L17 0 0 0 0 0 0 0 
L18  0 0 0 0 0 0 0 
L19 0 0 0 0 14 14 14 






4.4 Gram Scale Reaction of L1 to C1 
 
4.4.1 Ligand Synthesis  
 In an oven dried 250 mL flask, 2-picolylamine (2.2 equiv., 115.2 mmol, 12 mL) was added to 
benzophenone (54.8 mmol, 10 g) and p- toluenesulfonic acid monohydrate (cat. 100 mg) in toluene (160 
mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation was 
complete (24 hrs). The reaction was cooled to room temperature and diluted with diethyl ether (100 mL). 
The organic layer was washed with saturated ammonia chloride (100 mL x 2), saturated aqueous sodium 
bicarbonate (100 mL), brine (100 mL), and dried with magnesium sulfate. The final product was isolated 
under vacuum. The final solid yellow/orange product was confirmed by 1H-NMR. (14.5399 g, 98% Yield, 
98% Pure)35, 153  
 
4.4.2 Gram Scale Reaction of L1 to C1 
 In the glovebox, 25 mL of acetone were added to a 100 mL round bottom flask containing 5.05 
mmols or 1.375 g of L1 equipped with a stir bar. In an 8-mL vial 5.05 mmols or 0.915 g of NMe4OH • 5H2O. 
The two vials were transferred out of the glovebox. Outside the glovebox, 3.77 mmol or 1.230 g of 
CuII(NO3)2·3H2O was measured into a 8-mL vial. The CuII(NO3)2·3H2O was added to the round bottom flask, 
immediately followed by the addition of NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was 
allowed to react for 30 min. After 30 min, 5 equiv. of NEt3 was added to the round bottom flask and reacted 
for 30 more minutes. The reaction was quenched by running through a basic alumina column washed with 
EtOAc (600 mL). The organic phase was dried over MgSO4, filtered, and dried under vacuum. Once dry, 
20 mg of product was dissolved in 1.4 mL of CD3CN solution containing 1,3,5-trimethoxybenzene (internal 
standard). The identity of the product was confirmed by 1H NMR (0.462 yield, 32% yield, 67%pure). 
 
4.4.3 Gram Scale Reaction of L1 to C4H1 
 In the glovebox, 35 mL of acetone were added to a 100mL round bottom flask containing 8.08 
mmols or 2.201 g of L1 equipped with a stir bar. Two separate 8-mL vials were also prepared, one 
containing 5 mL of acetone and the other containing 8.08 mmols or 1.478 g of NMe4OH • 5H2O. The three 
vials were transferred out of the glovebox. Outside the glovebox, 8.08 mmol of CuII(NO3)2·3H2O was 
measured into a 8-mL vial. CuII(NO3)2·3H2O was added to the round bottom flask, immediately followed by 
the NMe4OH • 5H2O and 5 equiv. of 30% H2O2. The solution was allowed to react for 30 min. After 30 min, 
5 equiv. of NEt3 was added to the round bottom flask and reacted for 30 more minutes. The reaction was 
quenched using Na4EDTA (22.1 g, 100 mL) and EtOAc (100 mL) and stirred overnight. The organic phase 
was separated, and the aqueous phase was washed with EtOAc (200 mL x 3). The organic fractions were 
combined, dried over MgSO4, filtered, and dried under vacuum. The crude mixture was then passed through 
a basic alumina column using hexane/EtOAc (50/50 v/v). The C4H1 product was monitored by TLC and 
fractions were combined and dried to afford a solid orange product. Once dry, 20 mg of product was 
dissolved in 1.4 mL of CD3CN solution containing 1,3,5-trimethoxybenzene (internal standard). The identity 




5. Synthesis of Copper Complexes  
5.1 Synthesis of [(C1)CuI(CH3CN)](PF6): 
 
 
Figure A3.3. Synthesis of [(C1)CuI(CH3CN)](PF6). 
 
 For the synthesis of [(C1)CuI(CH3CN)](PF6), C1 (98.5 mg, 0.344 mmol) was dissolved in acetone 
(1 mL) in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (129.5 mg, 0.344 mmol) was added to 
the ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a red powder (90 
mg, 92% yield).1H-NMR (500 MHz, CD3CN): δ 8.41 (s, 1H), 8.04 (s, 1H), 7.92 (s, 1H), 7.65-7.16 (m, 10H), 
6.25 (s, 1H), 1.91 (s, 3H). Experimental Analysis: Calculated: C = 47.07%, H = 3.20%, N = 7.84%; Found: 




Table A3.3: Crystallography Data for [(C1)CuI(CH3CN)](PF6). 
 
Crystal data 





Temperature (K) 110 
a, b, c (Å) 10.8943 (3), 11.1028 (4), 11.1036 (4) 
α, β, ɣ (°) 60.278 (3), 68.571 (3), 88.932 (2) 
V (Å3) 1063.58 (7) 
Z 2 
Radiation type Mo Kα 
µ (mm-1) 1.17 
Crystal size (mm) 0.58 × 0.38 × 0.20 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Gaussian CrysAlis PRO 1.171.39.29c (Rigaku Oxford Diffraction, 2017) 
Numerical absorption correction based on gaussian integration over a 
multifaceted crystal model Empirical absorption correction using spherical 
harmonics, implemented in SCALE3 ABSPACK scaling algorithm. 
 Tmin, Tmax 0.269, 1.000 
No. of measured, 
independent and 
 observed [I > 2σ(I)] 
reflections 
19873, 4884, 4605   
Rint 0.021 
(sin θ/λ)max (Å-1) 0.650 
 
Refinement 
R[F2 > 2σ(F2)], 
wR(F2), S 
0.024, 0.062, 1.04 
No. of reflections 4884 
No. of parameters 316 
No. of restraints 21 
H-atom treatment H atoms treated by a mixture of independent and constrained refinement 
∆max, ∆min (e Å-3) 0.40, -0.28 
Computer programs: CrysAlis PRO 1.171.39.29c (Rigaku OD, 2017), SHELXS2018/3 (Sheldrick, 2018), 




5.2 Synthesis of [(C4H1)2CuI](PF6): 
 
 
 For the synthesis of [(C4H1)2CuI](PF6), C4H1 (87 mg, 0.206 mmol) was dissolved in acetone (1 
mL) in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (39.5 mg, 0.103 mmol) was added to the 





Table A3.4: Crystallography Data for [(C4H1)2CuI](PF6). 
 [(C4H1)2CuI](PF6) 
Crystal data 





Temperature (K) 110 
a, b, c (Å) 11.1236 (4), 12.7280 (6), 13.2890 (6) 
, ,  (°) 112.829 (4), 93.148 (3), 99.076 (3) 
V (Å3) 1698.39 (14) 
Z 2 
Radiation type Mo K  
 (mm-1) 0.77 
Crystal size (mm) 0.14 × 0.12 × 0.08 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Gaussian CrysAlis PRO 1.171.39.46 (Rigaku Oxford Diffraction, 2018) 
Numerical absorption correction based on gaussian integration over a 
multifaceted crystal model Empirical absorption correction using spherical 
harmonics, implemented in SCALE3 ABSPACK scaling algorithm. 
 Tmin, Tmax 0.813, 1.000 
No. of measured, 
independent and 
 observed [I > 2 (I)] 
reflections 
21192, 5982, 4018   
Rint 0.069 
(sin / )max (Å-1) 0.595 
 
Refinement 
R[F2 > 2 (F2)], 
wR(F2), S 
0.060, 0.143, 1.03 
No. of reflections 5982 
No. of parameters 588 
No. of restraints 498 
H-atom treatment H-atom parameters constrained 
max, min (e Å-3) 0.70, -0.34 
Computer programs: CrysAlis PRO 1.171.39.29c (Rigaku OD, 2017), SHELXS2018/3 (Sheldrick, 2018), 
SHELXL2018/3 (Sheldrick, 2018), SHELXTL v6.10 (Sheldrick, 2008). 
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For the synthesis of [(C4H1)CuI(CH3CN)2](PF6), C4H1 (87 mg, 0.206 mmol) was dissolved in acetone (1 
mL) in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (79 mg, 0.206 mmol) was added to the 
ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a red and yellow powder. 




Table A3.5: Crystallography Data for [(C4H1)CuI(CH3CN)2](PF6). 
 [(C4H1)CuI(CH3CN)2](PF6). 
Crystal data 





Temperature (K) 110 
a, b, c (Å) 11.0963 (3), 11.9614 (2), 18.5656 (5) 
 (°) 105.190 (3) 
V (Å3) 2378.07 (10) 
Z 4 
Radiation type Mo K  
 (mm-1) 1.06 
Crystal size (mm) 0.27 × 0.22 × 0.11 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Gaussian CrysAlis PRO 1.171.39.46 (Rigaku Oxford Diffraction, 2018) 
Numerical absorption correction based on gaussian integration over a 
multifaceted crystal model Empirical absorption correction using spherical 
harmonics, implemented in SCALE3 ABSPACK scaling algorithm. 
 Tmin, Tmax 0.707, 1.000 
No. of measured, 
independent and 
 observed [I > 2 (I)] 
reflections 
33827, 5465, 4829   
Rint 0.034 
(sin / )max (Å-1) 0.650 
 
Refinement 
R[F2 > 2 (F2)], 
wR(F2), S 
0.030, 0.077, 1.07 
No. of reflections 5465 
No. of parameters 327 
H-atom treatment H-atom parameters constrained 
max, min (e Å-3) 0.35, -0.31 
 
Computer programs: CrysAlis PRO 1.171.39.29c (Rigaku OD, 2017), SHELXS2018/3 (Sheldrick, 




6. Mechanistic Insight  
 
6.1 Cyclization of PL1 to C1 using 1 equiv. Cu(II) in INERT conditions 
 In the glovebox, 0.159 mmol of PL1 was measured in a 100 mL round bottom schlenk flask 
equipped with a stir bar. To that, 4 mL of acetone and 0.159 mmol of [CuII(NO3)2 • 3H2O] was added and 
allowed to mix. The solution immediately turned blue/green and 5 equivalence of NEt3 was added and 
allowed to react for 30 mins at room temperature. The samples were immediately quenched out side the 
glovebox in a pre-made 125 mL schlenk addition funnel containing 50 mL of Na4EDTA and 50 mL EtOAc 
bubbled with Ar for 10 mins. The mixed solution was added to a separatory funnel and the organic phase 
was removed. The aqueous phase was extacted again with more EtOAc (2 x’s 50 mL) and the organic 
phases were combined and dried over MgSO4. The solutions were filtered and dried under vacuum. Each 
fraction was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene (internal 
standard). The reaction products were quantified by 1H-NMR using integration signals that correspond to 
the starting material and products with the integration signal of the internal standard. 
 
6.2 Cyclization of PL1 to C1 using 2 equiv. Cu(II) in INERT conditions 
 In the glovebox, 0.159 mmol of PL1 was measured in a 100 mL round bottom schlenk flask 
equipped with a stir bar. To that, 4 mL of acetone and 0.318 mmol of [CuII(NO3)2 • 3H2O] was added and 
allowed to mix. The solution immediately turned blue/green and 5 equivalence of NEt3 was added and 
allowed to react for 30 mins at room temperature. The samples were immediately quenched out side the 
glovebox in a pre-made 250 mL schlenk addition funnel containing 100 mL of Na4EDTA and 50 mL EtOAc 
bubbled with Ar for 10 mins. The mixed solution was added to a separatory funnel and the organic phase 
was removed. The aqueous phase was extacted again with more EtOAc (2 x’s 50 mL) and the organic 
phases were combined and dried over MgSO4. The solutions were filtered and dried under vacuum. Each 
fraction was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene (internal 
standard). The reaction products were quantified by 1H-NMR using integration signals that correspond to 
the starting material and products with the integration signal of the internal standard. 
 
6.3 Cyclization of PL1 to C1 using catalytic amounts of Cu(II) in INERT conditions 
 In the glovebox, 0.159 mmol of PL1 was measured in a 100 mL round bottom schlenk flask 
equipped with a stir bar. To that, 4 mL of acetone and 10 - 50 mol% of [CuII(NO3)2 • 3H2O] was added and 
allowed to mix. The solution immediately turned blue/green and 5 equivalence of NEt3 was added and 
allowed to react for 30 mins at room temperature. The samples were immediately quenched out side the 
glovebox in a pre-made 125 mL schlenk addition funnel containing 50 mL of Na4EDTA and 50 mL EtOAc 
bubbled with Ar for 10 mins. The mixed solution was added to a separatory funnel and the organic phase 
was removed. The aqueous phase was extacted again with more EtOAc (2 x’s 50 mL) and the organic 
phases were combined and dried over MgSO4. The solutions were filtered and dried under vacuum. Each 
fraction was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene (internal 
standard). The reaction products were quantified by 1H-NMR using integration signals that correspond to 




6.4 Cyclization of PL1 to C1 using catalytic amounts of Cu(II) with AgNO3 in INERT conditions 
 In the glovebox, 0.159 mmol of PL1 was measured in a 100 mL round bottom schlenk flask 
equipped with a stir bar. To that, 4 mL of acetone and 10 mol% of [CuII(NO3)2 • 3H2O] was added and 
allowed to mix. The solution immediately turned green/yellow and 5 equivalence of NEt3 was added 
immediately followed by the addition of 2-5 equiv. AgNO3 and allowed to react for 30 mins at room 
temperature. The samples were immediately quenched out side the glovebox in a pre-made 125 mL 
schlenk addition funnel containing 50 mL of Na4EDTA and 50 mL EtOAc bubbled with Ar for 10 mins. The 
mixed solution was added to a separatory funnel and the organic phase was removed. The aqueous phase 
was extacted again with more EtOAc (2 x’s 50 mL) and the organic phases were combined and dried over 
MgSO4. The solutions were filtered and dried under vacuum. Each fraction was dissolved in 1.4 mL of 
CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene (internal standard). The reaction products 
were quantified by 1H-NMR using integration signals that correspond to the starting material and products 
with the integration signal of the internal standard. 
 
6.5 Cyclization of PL1 to C1 with AgNO3 in INERT conditions 
 In the glovebox, 0.159 mmol of PL1 was measured in a 100 mL round bottom schlenk flask 
equipped with a stir bar. To that, 4 mL of acetone and 5 equivalence of NEt3 was added immediately 
followed by the addition of 1 equiv. AgNO3 and allowed to react for 30 mins at room temperature. The 
samples were immediately quenched out side the glovebox in a pre-made 125 mL schlenk addition funnel 
containing 50 mL of Na4EDTA and 50 mL EtOAc bubbled with Ar for 10 mins. The mixed solution was 
added to a separatory funnel and the organic phase was removed. The aqueous phase was extacted again 
with more EtOAc (2 x’s 50 mL) and the organic phases were combined and dried over MgSO4. The solutions 
were filtered and dried under vacuum. Each fraction was dissolved in 1.4 mL of CD3CN solution containing 
27.1 mg of 1,3,5-trimethoxybenzene (internal standard). The reaction products were quantified by 1H-NMR 
using integration signals that correspond to the starting material and products with the integration signal of 
the internal standard. 
 
6.6 Cyclization of PL1 to C1 using 2 equiv. Cu(II)  
 In the glovebox, 0.159 mmol of PL1 was measured in a large vial equipped with a stir bar. To that, 
4 mL of acetone and 0.318 mmol of [CuII(NO3)2 • 3H2O] was added and allowed to mix. The solution 
immediately turned blue/green and 5 equivalence of NEt3 was added and allowed to react for 30 mins at 
room temperature. The samples were immediately quenched using 100 mL of Na4EDTA and 50 mL EtOAc. 
The organic phase was removed and the aqueous phase was extacted again with more EtOAc (2 x’s 50 
mL). The organic phases were combined and dried over MgSO4. The solutions were filtered and dried under 
vacuum. Each fraction was dissolved in 1.4 mL of CD3CN solution containing 27.1 mg of 1,3,5-
trimethoxybenzene (internal standard). The reaction products were quantified by 1H-NMR using integration 





6.7 Summary and mass balance of mechanistic conditions 
Entrya CuII equiv. Oxidant P Pl Cycle Yield MB 
1 1 equiv. Air 0 0 65 65 65 
2 1 equiv. No Air (Under N2)b 4 33 16 16 50 
3 2 equiv. No Air (Under N2)b 0 9 65 65 74 
4 1 equiv. 
1 equiv. AgNO3 (Under 
N2)b 
4 4 77 77 84 
5 0.1 equiv. Air 0 67 13 13 80 
6 0.1 equiv. 
1 equiv. AgNO3 (Under 
N2)b 
0 23 27 27 49 
7 0.1 equiv. 
2.5 equiv. AgNO3 (Under 
N2)b 
0 39 54 54 93 
8 0.1 equiv. 2.5 equiv. AgNO3 (Air) 0 40 25 25 65 
9 0.01 equiv. 5 equiv. AgNO3 (air) 2 27 43 43 72 
aAll reactions were performed with [PL] = 40 mM in acetone and using 5 equiv. of Net3 at r.t. for 30 mins. 
Yields were determined by 1H NMR using 1,3,5-trimethoxybenzene as internal standard. bReaction and 
work-up were carried out under anaerobic conditions. 
 




 The reaction was carried out on 0.159 mmol scale using 39 mg of the imine according to the 
Standard Procedure. The yellow/orange crude product was quantified using 0.159 mmol of 1,3,5-
trimethoxybenzene (37% yield, C10; 36% PL10b). The identity of the products was confirmed by 1H-NMR. 
 
7. Evolution of Reaction Yields over Time 
7.1 Oxidation of PL1 
 In the glovebox, 0.159 mmol of PL1 was measured in a large vial equipped with a stir bar. To that 
large vial, 4 mL of acetone and 0.159 mmol of [CuII(NO3)2 • 3H2O] was added and allowed to mix. The 
solution was immediately taken out of the glovebox and 5 equivalence of NEt3 was added and 0.5 mL 
samples were taken at 1 sec., 5 sec., 10 sec., 30 sec., 60 sec., 90 sec., 150 sec., 300 sec., 600 sec., 900 
sec., 1200 sec., 1800 sec., and 2400 sec. The samples were immediately quenched in a pre-made vial 
containing 9 mL of Na2EDTA. After all of the times were quenched, 9 mL of EtOAc was added (9 mL x 3) 
and the organic fractions were combined and dried over MgSO4. The solutions were filtered and dried under 
vacuum. Each fraction was dissolved in 1.4 mL of CD3CN solution containing 3.38 mg of 1,3,5-
trimethoxybenzene (internal standard). The reaction products were quantified by 1H-NMR using integration 





7.2 Summary and Mass Balance of Reaction Yields over Time 
 
Time (Sec) Cycle PL MB 
1 7 57 64 
5 9 67 76 
10 13 54 67 
30 18 53 71 
60 26 38 64 
90 30 27 57 
150 51 16 67 
300 57 28 85 
600 58 12 70 
900 67 0 67 
1,200 77 0 77 
1,800 75 0 75 
All reactions were performed with [PL] = 40 mM in acetone and using 5 equiv. of NEt3 at r.t. for 30 mins. 
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1. Physical methods and materials  
Reagents: All reagents and solvents were purchased at the highest level of purity and used as received 
except as noted.  
 
Solvents were purified and dried by passing through an activated alumina purification system (INERT Pure 
Solv) or by conventional distillation techniques.  
 
Glovebox: synthesis of copper(I) and copper(II) complexes was carried out under anaerobic conditions in 
an Inert I-LAB Glovebox system.   
 
NMR spectra were recorded in 7 inch, 5 mm o.d. NMR tubes on a JEOL 500 MHz spectrometer in the 
Department of Chemistry at Southern Methodist University.  
 
Single Crystal X-ray Crystallography:  All reflection intensities were measured at 110(2) K using a 
SuperNova diffractometer (equipped with Atlas detector) with Mo Kα radiation (λ = 0.71073 Å) under the 
program CrysAlisPro (Version CrysAlisPro 1.171.39.29c, Rigaku OD, 2017). The same program was used 
to refine the cell dimensions and for data reduction. [(LH)(CuI)(CH3CN)](PF6) was solved with the program 
SHELXS-2018/3 (Sheldrick, 2018) and was refined on F2 with SHELXL-2018/3 (Sheldrick, 2018). Numerical 
absorption correction based on gaussian integration over a multifaceted crystal model was applied using 
CrysAlisPro. The temperature of the data collection was controlled using the system Cryojet (manufactured 
by Oxford Instruments).  The H atoms were placed at calculated positions using the instructions AFIX 13, 
AFIX 23, AFIX 43 or AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 Ueq of the 
attached C or N atoms.  The structure is disordered. Both the Cu(I) complex and the counterion are 
disordered over two orientations, and the occupancy factors of the major components of the disorder refine 
to 0.878(3) and 0.483(6), respectively 
 
All reflection intensities were measured at 110(2) K using a SuperNova diffractometer (equipped with Atlas 
detector) with Mo Kα radiation (λ = 0.71073 Å) under the program CrysAlisPro (Version CrysAlisPro 
1.171.39.29c, Rigaku OD, 2017). The same program was used to refine the cell dimensions and for data 
reduction. [(L2)2CuI](PF6) was solved with the program SHELXS-2018/3 (Sheldrick, 2018) and was refined 
on F2 with SHELXL-2018/3 (Sheldrick, 2018). Numerical absorption correction based on gaussian 
integration over a multifaceted crystal model was applied using CrysAlisPro. The temperature of the data 
collection was controlled using the system Cryojet (manufactured by Oxford Instruments).  The H atoms 
were placed at calculated positions using the instructions AFIX 13 or AFIX 43 with isotropic displacement 
parameters having values 1.2 Ueq of the attached C atoms. The structure is partly disordered. The PF6− 
counterion is found to be disordered over two orientations, and the occupancy factor of the major 




All reflection intensities were measured at 110(2) K using a SuperNova diffractometer (equipped with Atlas 
detector) with Mo Kα radiation (λ = 0.71073 Å) under the program CrysAlisPro (Version CrysAlisPro 
1.171.39.29c, Rigaku OD, 2017). The same program was used to refine the cell dimensions and for data 
reduction. [(LMe(OH))2(CuII)2(SO3CF3)1.5(H2O)](CH3)2CO) was solved with the program SHELXS-2018/3 
(Sheldrick, 2018) and was refined on F2 with SHELXL-2018/3 (Sheldrick, 2018).   Numerical absorption 
correction based on gaussian integration over a multifaceted crystal model was applied using 
CrysAlisPro.The temperature of the data collection was controlled using the system Cryojet (manufactured 
by Oxford Instruments).  The H atoms were placed at calculated positions (unless otherwise specified) 
using the instructions AFIX 13, AFIX 23, AFIX 43 or AFIX 137 with isotropic displacement parameters 
having values 1.2 or 1.5 Ueq of the attached C atoms.  The H atoms attached to O1W (coordinated water 
molecule) were found from difference Fourier maps, and their coordinates were refined pseudofreely using 
the DFIX instruction in order to keep the O−H and H…H distances.  The structure is partly disordered. 
 
The two coordinated triflate counterions, one phenyl group, one −CHMe− and the lattice diethylether solvent 
molecule are disordered over two orientations.   All occupancy factors for both major and minor components 
of the disorder can be retrieved from the .cif file.    
 
All reflection intensities were measured at 110(2) K using a SuperNova diffractometer (equipped with Atlas 
detector) with Cu Kα radiation (λ = 1.54178 Å) under the program CrysAlisPro (Version CrysAlisPro 
1.171.39.29c, Rigaku OD, 2017). The same program was used to refine the cell dimensions and for data 
reduction. [(LH18)(CuII)(SO3CF3)2((CH3)2CO)] was solved with the program SHELXS-2018/3 (Sheldrick, 
2018) and was refined on F2 with SHELXL-2018/3 (Sheldrick, 2018). Analytical numeric absorption 
correction based using a multifaceted crystal was applied using CrysAlisPro. The temperature of the data 
collection was controlled using the Cryojet system (manufactured by Oxford Instruments).  The H atoms 
were placed at calculated positions (unless otherwise specified) using the instructions AFIX 13, AFIX 23, 
AFIX 43 or AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 Ueq of the attached 
C atoms.  The H atom attached to N2 was found from difference Fourier maps, and its coordinates were 
refined freely. 
 
The structure is partly disordered.  The cyclohexanyl group is disordered over three orientations, and the 




2. Synthesis of Ligands  
2.1 General Procedure for Ligand Synthesis:  
 
  
Figure A4.1: General procedure for ligand synthesis. 
 
 In an oven dried flask, amine (2.2 equiv.) was added to ketone and p- toluenesulfonic acid 
monohydrate (cat. 10 mg) in toluene (25 mL). The reaction mixture was refluxed under argon with a Dean-
Stark apparatus until imine formation was complete. The reaction was cooled to room temperature and 
diluted with diethyl ether (30 mL). The organic layer was washed with saturated ammonia chloride (20 mL 
x 2), saturated aqueous sodium bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The 
final product was isolated under vacuum. The purity of the synthesized ligands was analyzed by 1H-NMR 
by adding a known amount of internal standard (1,3,5-trimethoxybenzene or 1,2-dichloroethane).35, 153  
 
2.1.1 Compound LPh 
 
 In an oven dried flask, phenyl(pyridine-2-yl)methanamine (500 mg, 2.71 mmol) was added to 
benzophenone (249 mg, 1.35 mmol) and p-toluenesulfonic acid monohydrate (cat. 10 mg) in toluene (50 
mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation was 
complete (24 h). The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). The 
organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium 
bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product was isolated as a liquid 




2.1.2 Compound LPh(OH)  
 
 In an oven dried flask, phenyl(pyridine-2-yl)methanamine (500 mg, 2.71 mmol) was added to 2-
hydroxybenzophenone (270 mg, 1.35 mmol) and p-toluenesulfonic acid monohydrate (cat. 10 mg) in 
toluene (50 mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine 
formation was complete (24 h). The reaction was cooled to room temperature and diluted with diethyl ether 
(30 mL). The organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous 
sodium bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product was isolated 
as a liquid (302 mg, 61% yield, 52% pure).  
 
1H-NMR (500 MHz, CDCl3): δ 8.47 (1H, d), 7.69 (2H, m), 7.52 (4H, m), 7.30 (6H, m), 7.10 (2H, dd), 6.96 
(1H, d) 6.78 (1H, d), 6.68 (1H, t), 5.65 (1H, s). 
 
2.1.3 Compound LMe(OH) 
 
 In an oven dried flask, (s)-1-(pyridine-2-yl)ethanamine (535 mg, 4.0 mmol) was added to 2-
hydroxybenzophenone (390 mg, 1.9 mmol) and p-toluenesulfonic acid monohydrate (cat. 10 mg) in toluene 
(50 mL). The reaction mixture was refluxed under argon with a Dean-Stark apparatus until imine formation 
was complete (24 h). The reaction was cooled to room temperature and diluted with diethyl ether (30 mL). 
The organic layer was washed with saturated ammonia chloride (20 mL x 2), saturated aqueous sodium 
bicarbonate (20 mL), brine (20 mL), and dried with sodium sulfate. The final product was isolated as a 
yellow liquid (446.5 mg, 74% yield, 61% pure).  
 
1H-NMR (500 MHz, CDCl3): δ 8.43 (1H, d), 7.60 (1H, t), 7.39 (4H, m), 7.18 (2H, m), 7.07 (1H, d), 6.95 (1H, 




2.1.4 Compound LH 
 
 In an oven dried round bottom flask under nitrogen, methanol anhydrous (7 mL) was added to 
NaBH4 (70 mg, 18 mmol). A stir bar was placed in the flask and L1 (500 mg, 18 mmol) was diluted in 
methanol anhydrous (3 mL); which was added dropwise. After 1 hour, the reaction was quenched using DI 
H2O (20 mL), and dichloromethane (25 mL x 3). The organic phases were separated, combined, and dried 
with magnesium sulfate. The product was hen filtered and dried under vacuum. The final product was 
isolated as a pale-yellow oil (456.2 mg, 90% yield, 81% pure).  
 
1H-NMR (500 MHz, CDCl3): δ 8.48 (1H, d), 7.56 (1H, d), 7.35 (4H, m), 7.24-7.17 (5H, m), 7.15 (2H, m), 
7.09 (1H, m) 4.80 (1H, d), 3.80 (2H, d). 
 
 
2.1.6 Compound LH(OH) 
 
 In an oven dried round bottom flask under nitrogen, methanol anhydrous (7 mL) was added to 
NaBH4 (132 mg, 3.46 mmol). A stir bar was placed in the flask and PL16 (500 mg, 1.73 mmol) was diluted 
in methanol anhydrous (3 mL); which was added dropwise. After 1 hour, the reaction was quenched using 
DI H2O (20 mL), and dichloromethane (25 mL x 3). The organic phases were separated, combined, and 
dried with magnesium sulfate. The product was hen filtered and dried under vacuum. The final product was 
isolated as a pale-yellow oil (90% pure).  
 
1H-NMR (500 MHz, CDCl3): δ 12.05 (1H, OH-broad s) 8.58 (1H, d), 7.63 (1H, t), 7.34 (2H, m), 7.30 (2H, 




2.1.6 Compound LH18 
 
 In an oven dried round bottom flask under nitrogen, methanol anhydrous (7 mL) was added to 
NaBH4 (137.25 mg, 3.6 mmol). A stir bar was placed in the flask and LH18 (500 mg, 1.8 mmol) was diluted 
in methanol anhydrous (3 mL); which was added dropwise. After 1 hour, the reaction was quenched using 
DI H2O (20 mL), and dichloromethane (25 mL x 3). The organic phases were separated, combined, and 
dried with magnesium sulfate. The product was hen filtered and dried under vacuum. The final product was 
isolated as a pale-yellow oil (419.6 mg, 83% yield, 90% pure).  
 
1H-NMR (500 MHz, CD3CN): δ 8.43 (1H, d), 7.63 (1H, d), 7.31-7.19 (7H, m), 7.14 (1H, m), 3.71 (2H, q), 
3.33 (1H, d), 1.96 (1H, d), 1.70 (1H, d), 1.60-1.48 (3H, m), 1.35 (1H, d), 1.22-0.79 (6H, m). 
 
2.1.7 Compound L2 
 
  In a 25 mL round bottom flask, benzhydrylamine (1.56 g, 8.3 mmol) was added and 
suspended in 15 mL of DCM. To this solution, 3.5 g of Mol. Sieved (4Å) was added along with 2-
pyridinecarboxaldehyde (0.897 g, 8.3 mmol). The reaction was stirred over night and once completed, the 
crude was filtered and dried under vacuum to give a pale orange solid. (1.916 g, 85% yield, 95% pure) 
 
1H-NMR (500 MHz, CDCl3): δ 8.63 (1H, d), 8.52 (1H, s), 8.22 (1H, d), 7.75 (1H, t), 7.38 (4H, m), 7.32 (5H, 




3. Synthesis of Copper Complexes  
3.1 Synthesis of [(LMe(OH))2(CuII)2(SO3CF3)1.5(H2O)](CH3)2CO). 
 
 For the synthesis of [(LMe(OH))2(CuII)2(SO3CF3)1.5(H2O)](CH3)2CO), LMe(OH) (60.5 mg, 2.06 mmol) 
was dissolved in acetone (1 mL) in a 20 mL vial equipped with a stir bar. CuII(SO3CF3)2 (38 mg, 1.03 mmol) 
was added to the ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a dark 
green solid. The solid was dried and recrystallized using acetone/ether. 
 
 















Temperature (K) 110 
a, b, c (Å) 13.0784 (5), 13.1622 (4), 17.2805 (5) 
, ,  (°) 92.012 (2), 108.808 (3), 118.043 (3) 
V (Å3) 2422.41 (16) 
Z 2 
Radiation type Mo K  
 (mm-1) 1.05 
Crystal size (mm) 0.25 × 0.18 × 0.08 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Gaussian CrysAlis PRO 1.171.39.29c (Rigaku Oxford Diffraction, 
2017) Numerical absorption correction based on gaussian 
integration over a multifaceted crystal model Empirical absorption 
correction using spherical harmonics,  implemented in SCALE3 
ABSPACK scaling algorithm. 
 Tmin, Tmax 0.588, 1.000 
No. of measured, 
independent and 
 observed [I > 2 (I)] 
reflections 
44571, 11122, 9519   
Rint 0.042 
(sin / )max (Å-1) 0.650 
 
Refinement 
R[F2 > 2 (F2)], 
wR(F2), S 
0.063, 0.137, 1.26 
No. of reflections 11122 
No. of parameters 873 
No. of restraints 861 
H-atom treatment H atoms treated by a mixture of independent and constrained 
refinement 
max, min (e Å-3) 0.72, -0.75 
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Computer programs: CrysAlis PRO 1.171.39.29c (Rigaku OD, 2017), SHELXS2018/3 (Sheldrick, 2018), 
SHELXL2018/3 (Sheldrick, 2018), SHELXTL v6.10 (Sheldrick, 2008). 
 
3.2 Synthesis of [(LH18)(CuII)(SO3CF3)2((CH3)2CO)]. 
 
 For the synthesis of [(LH18)(CuII)(SO3CF3)2((CH3)2CO)], LH (64 mg, 2.06 mmol) was dissolved in 
acetone (1 mL) in a 20 mL vial equipped with a stir bar. CuII(SO3CF3)2 (76 mg, 2.06 mmol) was added to 
the ligand solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as blue crystals. The 
filtrate was removed, and the crystals were dried and recrystallized using acetone/ether. 
 
 





Table A4.2. Experimental details for [(LH18)(CuII)(SO3CF3)2((CH3)2CO)]. 
 [(LH18)(CuII)(SO3CF3)2((CH3)2CO)] 
Crystal data 





Temperature (K) 110 
a, b, c (Å) 16.83547 (17), 14.97026 (14), 23.38444 (19) 
 (°) 90.5057 (8) 
V (Å3) 5893.38 (9) 
Z 8 
Radiation type Cu K  
 (mm-1) 3.13 
Crystal size (mm) 0.14 × 0.13 × 0.12 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Analytical CrysAlis PRO 1.171.39.46 (Rigaku Oxford Diffraction, 2018) 
Analytical numeric absorption correction using a multifaceted crystal model 
based on expressions derived by R.C. Clark & J.S. Reid. (Clark, R. C. & 
Reid, J. S. (1995). Acta Cryst. A51, 887-897) Empirical absorption correction 
using spherical harmonics, implemented in SCALE3 ABSPACK scaling 
algorithm. 
 Tmin, Tmax 0.704, 0.757 
No. of measured, 
independent and 
 observed [I > 2 (I)] 
reflections 
23852, 5773, 5405   
Rint 0.022 
(sin / )max (Å-1) 0.616 
 
Refinement 
R[F2 > 2 (F2)], 
wR(F2), S 
0.028, 0.075, 1.04 
No. of reflections 5773 
No. of parameters 504 
No. of restraints 472 
H-atom treatment H atoms treated by a mixture of independent and constrained refinement 
max, min (e Å-3) 0.34, -0.37 
Computer programs: CrysAlis PRO 1.171.39.29c (Rigaku OD, 2017), SHELXS2018/3 (Sheldrick, 2018), 
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SHELXL2018/3 (Sheldrick, 2018), SHELXTL v6.10 (Sheldrick, 2008). 
3.3 Synthesis of [(L2)2CuI](PF6) 
 
 For the synthesis of [(L2)2(CuII)(PF6)], L2 (112 mg, 0.412 mmol) was dissolved in acetone (1 mL) in 
a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (79 mg, 0.206 mmol) was added to the ligand 
solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a red solid. The filtrate was 
removed, and the solid was recrystallized using acetone/et2o. (307 mg, 99% yield) 
 





Table A4.3. Experimental details for [(L2)2CuI](PF6). 
 [(L2)2CuI](PF6) 
Crystal data 





Temperature (K) 110 
a, b, c (Å) 12.9951 (2), 16.1975 (3), 16.1370 (3) 
 (°) 97.2313 (18) 
V (Å3) 3369.63 (10) 
Z 4 
Radiation type Mo K  
 (mm-1) 0.76 
Crystal size (mm) 0.33 × 0.16 × 0.11 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Gaussian CrysAlis PRO 1.171.39.29c (Rigaku Oxford Diffraction, 2017) 
Numerical absorption correction based on gaussian integration over a 
multifaceted crystal model Empirical absorption correction using spherical 
harmonics, implemented in SCALE3 ABSPACK scaling algorithm. 
 Tmin, Tmax 0.622, 1.000 
No. of measured, 
independent and 
 observed [I > 2 (I)] 
reflections 
48101, 7718, 6714   
Rint 0.032 
(sin / )max (Å-1) 0.650 
 
Refinement 
R[F2 > 2 (F2)], 
wR(F2), S 
0.035,  0.086,  1.02 
No. of reflections 7718 
No. of parameters 506 
No. of restraints 243 
H-atom treatment H-atom parameters constrained 
max, min (e Å-3) 0.63, -0.49 
Computer programs: CrysAlis PRO 1.171.39.29c (Rigaku OD, 2017), SHELXS2018/3 (Sheldrick, 2018), 
SHELXL2018/3 (Sheldrick, 2018), SHELXTL v6.10 (Sheldrick, 2008) 
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3.4 Synthesis of [(LH)(CuI)(CH3CN)](PF6). 
 
 For the synthesis of [LH(CuI(CH3CN)](PF6), LH (64 mg, 2.06 mmol) was dissolved in acetone (1 mL) 
in a 20 mL vial equipped with a stir bar. [CuI(CH3CN)4](PF6) (77 mg, 2.06 mmol) was added to the ligand 
solution. After 5 min, Et2O (20 mL) was added to precipitate the complex as a red/orange solid. The filtrate 









Table A4.4. Experimental details [LHCuI(CH3CN)](PF6). 
 [LHCuI(CH3CN)](PF6) 
Crystal data 
Chemical formula C21H21CuN3·F6P 
Mr 523.92 
Crystal system, space 
group 
Monoclinic, P21/n 
Temperature (K) 110 
a, b, c (Å) 11.0188 (3), 9.6370 (2), 20.1765 (5) 
 (°) 91.373 (2) 
V (Å3) 2141.89 (9) 
Z 4 
Radiation type Mo K  
 (mm-1) 1.16 
Crystal size (mm) 0.55 × 0.40 × 0.29 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction GaussianCrysAlis PRO 1.171.39.29c (Rigaku Oxford Diffraction, 2017) 
Numerical absorption correction based on gaussian integration over a 
multifaceted crystal model Empirical absorption correction using 
spherical harmonics, implemented in SCALE3 ABSPACK scaling 
algorithm. 
 Tmin, Tmax 0.297, 1.000 
No. of measured, 
independent and 
 observed [I > 2 (I)] 
reflections 
30793, 4921, 4455   
Rint 0.030 
(sin / )max (Å-1) 0.650 
 
Refinement 
R[F2 > 2 (F2)], wR(F2), 
S 
0.030,  0.083,  1.08 
No. of reflections 4921 
No. of parameters 544 
No. of restraints 992 
H-atom treatment H-atom parameters constrained 




Computer programs: CrysAlis PRO 1.171.39.29c (Rigaku OD, 2017), SHELXS2018/3 (Sheldrick, 2018), 
SHELXL2018/3 (Sheldrick, 2018), SHELXTL v6.10 (Sheldrick, 2008). 
 
 
4. Oxidation of Ligands 
4.1 General Oxidation of Ligands with H2O2 
   In the glovebox, 4 mL of acetone was added to a 20-mL vial containing 0.159 mmols of LX 
equipped with a stir bar. To the solution, 0.159 mmol of [CuI(CH3CN)4](PF6) was added and allowed to 
react. The solution mixture was taken out of the glovebox and 5 equiv of 30% H2O2 was added. After 30 
min, the reaction was quenched using Na2EDTA (50 mL, pH = 4), and EtOAc (50 mL X 3). The organic 
phases were separated, combined, dried over MgSO4, filtered, and dried under vacuum. The organic 
product was dissolved in 1.4 mL of CD3CN solution containing 15.6 µL of 1,2-dichloroethane or 27.1 mg of 
1,3,5-trimethoxybenzene (internal standard). The reaction products were quantified by 1H-NMR using 
integration signals that correspond to the starting material and products with the integration signal of the 
internal standard. Products obtained in the final quantification were a combination of cleaved product and 
imine-product.  
 
4.1.1 Oxidation of LH 
 
 In the glove box, acetone (4 mL) was added to a 20-mL vial containing LH (54.0 mg, 0.159 mmol) 
equipped with a stir bar, then CuI(CH3CN)4(PF6) (0.159 mmol) was added to the reaction mixture. The 
solution mixture was taken out of the glovebox and hydrogen peroxide (82.4 µL, 5 equiv, 30% purity) was 
added. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4), and EtOAc (50 mL x 3). 
The organic phases were separated, combined, and dried with magnesium sulfate. The product was then 
filtered and dried under vacuum. The organic product was dissolved in chloroform-d solution containing 
1,3,4-trimethoxybenzene (27.1 mg), as the internal standard. The reaction products were quantified by 1H-
NMR using integration signals that correspond to the starting material and products with the integration 




4.1.2 Oxidation of LPh 
 
 In the glove box, acetone (4 mL) was added to a 20-mL vial containing LPh (60.9 mg, 0.159 mmol) 
equipped with a stir bar, then CuI(CH3CN)4(PF6) (0.159 mmol) was added to the reaction mixture. The 
solution mixture was taken out of the glovebox and hydrogen peroxide (82.4 µL, 5 equiv. 30% purity) was 
added. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4), and EtOAc (50 mL x 3). 
The organic phases were separated, combined, and dried with magnesium sulfate. The product was then 
filtered and dried under vacuum. The organic product was dissolved in CD3CN solution containing 1,3,4-
trimethoxybenzene (27.1 mg), as the internal standard. The reaction products were quantified by 1H-NMR 
using integration signals that correspond to the starting material and products with the integration signal of 
the internal standard. 
 
4.1.3 Oxidation of LMe(OH) 
 
 In the glove box, acetone (4 mL) was added to a 20-mL vial containing LMe(OH) (48 mg, 0.159 
mmol) equipped with a stir bar, then CuI(CH3CN)4(PF6) (0.159 mmol) was added to the reaction mixture. 
The solution mixture was taken out of the glovebox and hydrogen peroxide (82.4 µL, 5 equiv. 30% purity) 
was added. After 30 min, the reaction was quenched using Na2EDTA (50 mL, pH = 4), and EtOAc (50 mL 
x 3). The organic phases were separated, combined, and dried with magnesium sulfate. The product was 
then filtered and dried under vacuum. The organic product was dissolved in CD3CN solution containing 
1,3,4-trimethoxybenzene (27.1 mg), as the internal standard. The reaction products were quantified by 1H-
NMR using integration signals that correspond to the starting material and products with the integration 




4.1.4 Oxidation of LH18 
 
 In the glove box, acetone (4 mL) was added to a 20-mL vial containing LH18 (60.9 mg, 0.159 mmol) 
equipped with a stir bar, then CuI(CH3CN)4(PF6) (0.159 mmol) was added to the reaction mixture. The 
solution mixture was taken out of the glovebox and hydrogen peroxide (2.5 – 5 equiv.) was added. After 30 
min, the reaction was quenched using Na2EDTA (50 mL, pH = 4), and EtOAc (50 mL x 3). The organic 
phases were separated, combined, and dried with magnesium sulfate. The product was then filtered and 
dried under vacuum. The organic product was dissolved in CD3CN solution containing 1,3,4-
trimethoxybenzene (27.1 mg), as the internal standard. The reaction products were quantified by 1H-NMR 
using integration signals that correspond to the starting material and products with the integration signal of 
the internal standard. (0%P) 
 
4.2 General Oxidation of Ligands with NEt3 
 In the glovebox 0.159 mmol product-ligand was added to a 20-mL vial equipped with a stir bar and 
4 mL of acetone. In another vial, 0.159 mmol of a Cu(II) triflate was measured and added to the large vial 
containing the ligand. The vial was then removed from the glovebox and 5 equiv. of NEt3 was added to the 
reaction flask and allowed to react for 30 mins. After 30 min, the reaction was quenched using Na4EDTA 
(50 mL, pH = 11) and EtOAc (50 mL x 3). The organic phases were separated, combined, dried over 
MgSO4, filtered, and dried under vacuum. Once dry, the product was filtered through 2 basic aluminum 
plugs with 1.5 mL of EtOAc. After drying under vacuum, the remaining yellow product was dissolved in 1.4 
mL of CD3CN solution containing 27.1 mg of 1,3,5-trimethoxybenzene (internal standard). The reaction 
products were quantified by 1H-NMR using integration signals that correspond to the products with the 
integration signal of the internal standard.  
 
4.2.1 Cyclization of LMe(OH) 
 
 In the glove box, acetone (4 mL) was added to a 20-mL vial containing LMe(OH) (80 mg, 0.159 
mmol) equipped with a stir bar, then CuII(NO3)2∙3H2O  (0.159 mmol) was added to the reaction mixture. The 
solution mixture was taken out of the glovebox and triethylamine (112.0 µL, 5 equiv.) was added. After 30 
min, the reaction was quenched using Na4EDTA (50 mL, pH = 11), and EtOAc (50 mL x 3). The organic 
phases were separated, combined, and dried with magnesium sulfate. The product was then filtered and 
dried under vacuum. The organic product was dissolved in CD3CN solution containing 1,3,4-
trimethoxybenzene (27.1 mg), as the internal standard. The reaction products were quantified by 1H-NMR 
using integration signals that correspond to the starting material and products with the integration signal of 
the internal standard. (47%P, 53% LMe(OH) 
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4.2.2 Cyclization of LMe(OH) with guanidine 
v 
 
 In the glove box, acetone (4 mL) was added to a 20-mL vial containing LMe(OH) (79 mg, 0.159 
mmol) equipped with a stir bar, then CuII(NO3)2∙3H2O  (0.159 mmol) was added to the reaction mixture. The 
solution mixture was taken out of the glovebox and guanidine (100 µL, 5 equiv.) was added. After 30 min, 
the reaction was quenched using Na4EDTA (50 mL, pH = 11), and EtOAc (50 mL x 3). The organic phases 
were separated, combined, and dried with magnesium sulfate. The product was then filtered and dried 
under vacuum. The organic product was dissolved in CD3CN solution containing 1,3,4-trimethoxybenzene 
(27.1 mg), as the internal standard. The reaction products were quantified by 1H-NMR using integration 
signals that correspond to the starting material and products with the integration signal of the internal 
standard. (93% LMe(OH)) 
 
 
4.2.3 Cyclization of LH(OH) 
 
 In the glove box, acetone (4 mL) was added to a 20-mL vial containing LH(OH) (51 mg, 0.159 mmol) 
equipped with a stir bar, then CuII(NO3)2∙3H2O  (0.159 mmol) was added to the reaction mixture. The 
solution mixture was taken out of the glovebox and triethylamine (112.0 µL, 5 equiv.) was added. After 30 
min, the reaction was quenched using Na4EDTA (50 mL, pH = 11), and EtOAc (50 mL x 3). The organic 
phases were separated, combined, and dried with magnesium sulfate. The product was then filtered and 
dried under vacuum. The organic product was dissolved in CD3CN solution containing 1,3,4-
trimethoxybenzene (27.1 mg), as the internal standard. The reaction products were quantified by 1H-NMR 
using integration signals that correspond to the starting material and products with the integration signal of 






5. 1H NMR 
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